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CHICKEN FEATHER KERATIN BASED TEXTILE FIBERS 
SUMMARY 
Chicken feathers present a problem for the poultry industry as a waste material. 
They are currently being used as animal feed or disposed by burial. Chicken 
feathers are approximately 91% protein (keratin), 1% lipids, and 8% water. The low 
density, excellent compressibility and resiliency, ability to dampen sound, warmth 
retention and distinctive morphological structure of feather barbs make them unique 
fibers.  Applications of keratin preparations in the cosmetic industry are the best 
known. There are researches to use keratin in various kinds of composites, 
biodegradeable nonwovens such as sanitary and medical  applications and in 
biotechnology.  
Polyacrylonitrile has unique and well-known characteristics including hardness and 
rigidity, resistance to most chemicals and solvents, sunlight, heat and 
microorganisms, slow burning and charring, reactivity towards nitrile reagents, 
compatibility with certain polar substances, ability to orient and low permeability 
towards gases.  
In this study, extraction and solubilisation conditions of keratin from chicken 
feather, synthesis of keratin-graft-polyacrylonitrile by redox polymerization, 
characterization of keratin and keratin-graft-polyacrylonitrile in terms of thermal, 
rheological, mechanical and morphological analyses and electrospinning of keratin-
graft-polyacrylonitrile to produce fibers were investigated.  
To obtain soluble keratin, firstly, lipid compounds in chicken feather were 
eliminated by reflux with an organic solvent such as dichloromethane; then, the 
cleaned, dried and cut feathers were dissolved in an aqueous solution of NaOH 
and/or Na2S or NaOH and EDTA. The optimum conditions were found as 1,5 M 
NaOH, 5 mmole/L EDTA, 40oC and 1,5 hours. The solution was precipitated with 
acetic acid at pH 4,2. After the process, the keratin solution was filtered in order to 
remove the insoluble parts, washed with acetone and dried by lyophilizator. The 
maximum yield was 59 %. Keratin was confirmed by spectral analysis. 
Characteristic amide A, amide B, amide I, amide II and amide III regions were 
observed in FTIR spectrum. It was observed that the majority of keratin had α-helix 
structure. Characteristic signals were seen in 1HNMR spectrum. 
At the second step, keratin was copolymerized with acrylonitrile in order to 
produce textile fibers. In grafting mechanism, keratin was used as a reducing agent 
due to the active hydrogens it had on –OH, -SH and -NH groups. Ammonium 
persulfate/sodium metabisulfite was used as redox initiator pair. From various 
experiments, it was found out that polymerization efficiency depended on amounts 
of keratin, amount of acrylonitrile, concentration of ammonium persulfate and 
sodium metabisulfite, temperature and reaction time. The optimum conditions were 
found as 0,25 g keratin, 1,5 mole/L acrylonitrile, 100 mmole/L ammonium 
persulfate, 89 mmole/L sodium metabisulfite at 35oC during 3 hours. The 
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maximum yield was 88 %. Keratin-graft-polyacrylonitrile copolymers were 
confirmed by FTIR and 1HNMR analysis. In FTIR spectrum of copolymers, 
characteristic nitrile vibration was observed at 2243-2245 cm-1 which proved 
copolymerization. In 1HNMR spectra of copolymers, signals belonging to –SH and 
–NH protons of keratin disappeared, so it was thought that polymerization started 
on these protons. According to literature, it is also known that polymerization could 
have started on –OH proton but it could not be observed because of the solvent 
signal at 1HNMR.  
Keratin and keratin-graft-polyacrylonitrile copolymers were characterized with 
rheological, thermal and morphological analysis. Rheology measurements 
determined the flow characteristics of samples. All samples were rheopectic 
whereas some of them showed pseudoplastic and some showed dilatant character. 
However, rheological properties and processability of all of the copolymers were 
improved compared to keratin. 
DMA analysis of keratin and keratin-graft-polyacrylonitrile copolymers could not 
be performed due to the difficulties encountered during film formation. Films 
prepared tended to curl and break while drying. This situation showed that the 
strength of the obtained copolymers were very low and further experiments should 
be done in order to develop the strength.  
Thermal analysis were performed by DSC and TGA. According to DSC results, 
keratin denaturation started at 221oC up to 350oC. Copolymers showed a Tg around 
99-105oC, increasing with acrylonitrile amount. Thermal decomposition of 
polymers were seen at 310-320oC also increasing with acrylonitrile amount and 
molecular weight. TGA results also showed that increasing acrylonitrile amount 
increased the maximum weight loss temperature. Pure keratin had its maximum 
weight loss temperature at 306oC while the copolymers’ were at 315oC and 356oC. 
As a result, acrylonitrile modified keratin became more thermally stable than pure 
keratin. 
Water sorption experiments showed that water absorption of keratin-graft-
polyacrylonitrile copolymers greatly improved in comparison to polyacrylonitrile 
due to the hydrophilic groups in keratin. 
In the morphologies of keratin and keratin-graft-polyacrylonitrile a difference could 
obviously be realized. In the SEM image of keratin-graft-polyacrylonitrile, micellar 
structure was observed as a result of emulsion polymerization. The diameters of the 
micelles ranged between 90-150 nm.  
After copolymers were synthesized, several polymers solutions were prepared at 20 
% w/w concentration in 20/80 % w/w DMF/DMSO solvent pair for 
electrospinning. After trying various conditions, the optimum electrospinning 
conditions were found as 1 ml/h flow rate, 6 cm distance between needle and plate 
and 20 kV potential.  
The fibers were confirmed by SEM images. According to SEM, although some of 
the fibers were adhered to each other; in general, fiber diameters were uniform  
longitudinal without thick-thin places and beads. The surfaces of the fibers were 
smooth. The diameters of fibers were around 250-500 nm. 
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TAVUK TÜYÜ KERATĐNĐNDEN TEKSTĐL ELYAF ELDESĐ 
ÖZET 
Tavuk tüyleri, tavuk üretim tesislerinde atık madde olarak sorun teşkil ederler. 
Halihazırda hayvan yeni olarak kullanılmakta ya da gömülerek imha 
edilmektedirler. Tavuk tüyleri % 91 oranında keratin adındaki protein, % 1 yağ 
bileşenleri ve % 8 sudan oluşmaktadır. Tüylerin düşük yoğunluk, yüksek 
sıkıştırılabilirlik ve elastikiyet, ses geçirgenliğini azaltma, sıcak tutma, karakteristik 
morfoloji gibi özelllikleri onların lif olarak tercih edilmesine neden olmaktadır. 
Keratinin en yaygın olarak kullanıldığı endüstri kozmetiktir. Keratini çeşitli 
kompozitlerde, hijyenik ve sağlık uygulamaları için biyobozunur dokumasız 
kumaşlarda, biyoteknolojide kullanmak üzere çeşitli çalışmalar yapılmaktadır.  
Poliakrilonitril, sağlamlık, esnemezlik, çoğu kimyasala, çözücüye, güneş ışığına, 
ısıya, mikroorganizmalara karşı direnç, yavaş yanma ve kömürleşme gibi pek çok 
karakteristik özelliğe sahip bir polimerdir. Ayrıca gazlara karşı düşük geçirgenliği 
vardır.  
Bu çalışmada, tavuk tüylerinden yağ bileşenlerinin ayrılması ve 
çözünürleştirilmeleri, redoks polimerizasyonu ile keratin-graft-poliakrilonitril 
kopolimerinin sentezlenmesi, keratin ve keratin-graft-poliakrilonitrilin reolojik, 
termal ve morfolojik analizlerinin yapılması, keratin-graft-poliakrilonitril 
polimerinden yola çıkılarak elektrospin yöntemiyle lif elde edilmesi amaçlanmıştır. 
Tavuk tüylerinden keratin elde edebilmek için öncelikle tüylerdeki yağ bileşenleri 
diklormetan gibi organik bir çözücüyle reflaks edilerek ayrılmıştır. Yıkanmış, 
kurutulmuş ve küçük parçalara ayrılmış tavuk tüyleri daha sonra NaOH ve/veya 
Na2S veya NaOH ve  EDTA sulu çözeltilerinde çözünürleştirilmiştir. En uygun 
koşul 1,5 M NaOH, 5 mmol/L EDTA, 40oC ve 1,5 saat olarak bulunmuştur. Oluşan 
çözelti asetik asitle pH 4.2’de çöktürülmüş ve keratin elde edilmiştir. Daha sonra 
çözünmemiş parçalar keratinden ayrılmış, keratin asetonla yıkanmış ve 
liyofilizatörle kurutulmuştur. En yüksek keratin eldesi verimi % 59 olarak 
bulunmuştur. Elde edilen keratin spektral analizlerle doğrulanmıştır. FTIR 
spektrumunda karakteristik amid A, amid B, amid I, amid II ve amid III titreşimleri 
görülmüştür. Keratin yapısının ağırlıklı α-heliks olduğu bulunmuştur. 1HNMR 
spektrumunda da karakteristik sinyaller görülmüştür. 
Đkinci adımda, keratin lif oluşturmak amacıyla akrilonitril monomeriyle 
kopolimerleştirilmiştir. Keratinin üzerinde bulundurduğu –OH, -SH ve –NH gibi 
gruplardaki aktif hidrojenleri nedeniyle indirgen bileşik olarak davranacağı 
düşünülerek redoks polimerizasyonu uygulanılmasına karar verilmiştir. Başlatıcı 
çifti olarak amonyum persulfat/sodyum merabisülfit kullanılmıştır. Yapılan çeşitli 
deneyler sonucunda, polimerleşme veriminin keratin ve akrilonitril miktarlarına, 
amonyum persulfat konsantrasyonuna, sodyum metabisülfitin varlığına ve 
konsantrasyonuna, sıcaklığa ve reaksiyon süresine bağlı olduğu bulunmuştur. En 
uygun polimerleşme koşulları  0,25 g keratin, 1,5 mol/L akrilonitril, 100 mmol/L 
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amonyum persulfat, 89 mmol/L sodyum metabisülfit, 35oC ve 3 saat olarak 
bulunmuştur. En yüksek verim olarak % 88’e ulaşılmıştır.. Keratin-graft-
poliakrilonitril oluşumu FTIR ve 1HNMR analizleriyle doğrulanmıştır. Polimerlerin 
FTIR spektrumlarında 2243-2245 cm-1 civarında görülen nitril gerilme titreşimi, 
polimerleşmenin olduğunu kanıtlamıştır. 1HNMR spektrumlarında ise, keratin 
1HNMR spektrumunda görülen –SH and –NH hidrojenlerine ait sinyallerin 
kaybolduğu görülmüştür. Bu nedenle polimerleşmenin bu hidrojenler üzerinden 
başladığı düşünülmüştür. Önceki çalışmalardan, polimerleşmenin –OH hidrojeni 
üzerinden de başlayabileceği bilinmektedir fakat –OH hidrojeni aynı yerde çıkan 
kuvvetli çözücü sinyali nedeniyle 1HNMR’da belirlenememiştir.  
Keratin ve keratin-graft-poliakrilonitril kopolimerleri, reolojik, termal ve 
morfolojik analizlerle karakterize edilmişlerdir. Reolojik ölçümlerle akış özellikleri 
belirlenmiştir. Örneklerin hepsi reopektik özellik gösterirken bir kısmı 
pseudoplastik, bir kısmı dilatant olarak davranmıştır. Örneklerin hepsinin keratine 
göre reolojik özellikleri ve işlenebilirlikleri gelişmiştir.  
Keratin ve keratin-graft-poliakrilonitril kopolimerlerinin DMA analizleri film 
oluşturmada yaşanan zorluklar nedeniyle gerçekleştirilememiştir. Hazırlanan 
filmler kururken kıvrılmış ve kırılmıştır. Bu durum, elde edilen kopolimerlerin 
düşük mukavemetli olduğunu göstermektedir. Mukavemeti arttırmak için ilave 
çalışmalar yapılmalıdır.  
Termal analizler DSC ve TGA ile gerçekleştirilmiştir. DSC sonuçlarına göre, 
keratin denatürasyonu 221oC’de başlayıp 350oC’ye kadar devam etmiştir. 
Kopolimerler artan akrilonitril oranıyla artacak şekilde 99-105oC arasında 
Tg.göstermiştir. Polimerlerin termal bozunma sıcaklıkları ise gene akrilonitril oranı 
ve molekül ağırlığına bağlı olarak 310-320oC arasında görülmüştür. TGA sonuçları 
da artan akrilonitril oranıyla en yüksek ağırlık kaybının görüldüğü sıcaklıkta artış 
olduğunu göstermiştir. Keratinin en yüksek ağırlık kaybının görüldüğü sıcaklık 
306oC iken, kopolimerlerde bu sıcaklık 315oC ve 356oC’ye çıkmıştır. Sonuç olarak 
akrilonitril ile modifiye edilmiş keratin, saf keratine göre ısısal kararlılık 
kazanmıştır. 
Nem absorpsiyonu deneylerinin sonucuna göre, keratin-graft-poliakrilonitril 
kopolimerlerinin nem absorpsiyonlarının poliakrilonitrile göre oldukça arttığı 
gözlenmiştir. Bunun nedeni keratinin sahip olduğu hidrofilik gruplardır. 
Morfolojik açıdan incelendiklerinde de, keratin ve kopolimerler arasında belirgin 
bir fark görülmüştür. Keratin-graft-poliakrilonitril kopolimerlerinin SEM 
görüntülerinde emülsiyon polimerizasyonundan kaynaklanan miseller bir yapı 
gözlenmiştir. Misellerin çapları 90-150 nm arasında değişmektedir. 
Kopolimerlerin sentezinden sonra, ağırlıkça % 20/80 DMF/DMSO çözücü çiftinde 
ağırlıkça % 20 polimer içeren çözeltiler hazırlanarak elektrospin yöntemi ile lif elde 
edilmiştir. Çeşitli denemelerden sonra bu polimer için en uygun elektrospin 
koşullarının 1 ml/sa akış hızı, 20 kV voltaj ve 6 cm iğne-tabaka mesafesi olduğu 
bulunmuştur.  
Elde edilen liflerin SEM görüntüleri incelendiğinde bazı lifler birbirlerine yapışmış 
olsa da uzunlukları boyunca çaplarının düzgün olduğu, ince-kalın yerler ve 
boncukları olmadığı gözlenmiştir. Lif yüzeyleri düzgündür. Birbirine yapışmayan 
liflerin çapları 250-500 nm arasındadır. 
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1.  INTRODUCTION 
Population and economic growth worldwide has caused an enormous increase in 
waste production (Martelli et al., 2006). Alternative solutions are being studied such 
as the recycling of plastic products and the substitution of conventional plastics for 
biodegradable ones in order to minimize this problem. Developments in technologies 
including tissue engineering and regenerative medicine, gene therapy, novel drug 
delivery systems, implantable devices and nanotechnology has resulted in growing 
demand for biodegradable polymers. The main renewable sources of biopolymers are 
proteins, polysaccharides and lipids. 
The waste feathers present a problem for the poultry industry (Parkinson, 1998). In 
the last 15 years, poultry production increased by about 5% annually, mainly in 
developing countries. (Moore et al., 2006) Current solution for these feathers is to 
sterilize them into a low nutritional value animal feed (Barone and Schmidt, 2006). 
Feathers are composed of  approximately 91% protein (keratin), 1% lipids, and 8% 
water. Applications of keratin preparations in the cosmetic industry are the best 
known (Reddy and Yang, 2007). There are investigations to use this interesting 
protein in other fields such as a component of various kinds of composites, as a 
component of biodegradable nonwovens, and in biotechnology. It would be 
appropriate to use the feathers for manufacturing fibers because of the hydrophilic 
properties of keratin, which would increase sorption features which can be useful for 
producing textile products dedicated to sanitary and medical  applications, and as a 
technical sorption material. Such applications of keratin from chicken feathers are 
undoubtedly novel directions of use. 
In this study, it was aimed to recycle waste chicken feathers by obtaining soluble 
keratin; to copolymerize keratin with acrylonitrile by redox polymerization using the 
fuctional groups on soluble keratin; to electrospin textile fibers from these 
copolymers and to characterize the copolymers with spectral, rheological, thermal, 
mechanical and morphological analysis.  
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2.  THEORETICAL PART 
2.1 Chicken Feather 
Chicken feathers have unique structure and properties not found in any natural or 
synthetic fibers (Reddy and Yang, 2007). They are approximately 91% protein 
(keratin), 1% lipids, and 8% water (Kock, 2006). Although feathers as such cannot 
be processed as the protein fibers wool and silk due to the complex structure of the 
feathers, the secondary structures of feathers i.e. the barbs have the structure and 
properties that make them suitable for use as natural protein fibers. The low density, 
excellent compressibility and resiliency, ability to dampen sound, warmth retention 
and distinctive morphological structure of feather barbs make them unique fibers. 
For example, the density chicken feathers is about 0.8 g/cm3 compared to about 1.5 
g/cm3 for cellulose fibers and about 1.3 g/cm3 for wool. None of the natural or 
synthetic fibers commercially available today have a density as low as that of 
chicken feathers. Such unique properties make barbs preferable for many 
applications such as textiles and composites used for automotive applications. In 
addition to the unique structure and properties, barbs are cheap, abundantly available 
and a renewable source for protein fibers. Finding alternative sources to replace at 
least a part of the 67 million tons of natural and synthetic fibers currently in use is 
important due to the decreasing availability of resources required to produce the 
natural and synthetic fibers. The decreasing availability of natural resources will 
restrict the availability and/or increase the price of both the natural and synthetic 
fibers currently in use. Therefore, attempts are being made to use annually renewable 
lignocellulosic agricultural byproducts such as cornhusks, cornstalks and pineapple 
leaves as an alternative source for cellulosic fibers. Similarly, attempts have also 
been made to use agricultural byproducts containing proteins such as zein in corn and 
soya proteins as source to produce regenerated protein fibers. However, none of the 
attempts on producing high quality protein fibers from agricultural byproducts have 
been commercially successful. Poultry feathers contain about 90% protein and are a 
cheap and renewable source for protein fibers. The secondary structures of the 
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feathers, the barbs are in fibrous form and could be a potential source as protein 
fibers. More than 4 billion pounds of chicken feathers are produced in the world 
every year. 
A chicken feather fiber is made up of two parts, the fibers and the quills (Cheung et 
al., 2009). The fiber is thin filamentous materials that merge from the middle core 
material called quills. In simple terms, the quill is hard, central axis off which soft, 
interlocking fibers branch. Smaller feathers have a greater proportion of fiber, which 
has a higher aspect ratio than the quill. The presence of quill among fibers results in a 
more granular, lightweight, and bulky material. A typical quill has dimensions on the 
order of centimeters (length) by millimeters (diameter). Fiber diameters were found 
to be in the range of 5–50 µm. The barbs at the upper portion of the feather are firm, 
compact, and closely knit, while those at the lower portion are downy, i.e. soft, loose, 
and fluffy. The down feather provides insulation, and the flight feather provides an 
airfoil, protects the body from moisture, the skin from injury, and colors and shapes 
for displays. Figure 2.1 shows the cross-sectional views of the flight and down 
feather fibers. It is obvious that flight feather fiber exited in a hollow form while 
down fiber is in solid. In terms of the purpose of fiber-reinforcement, the use of 
down fiber appears much better than that the use of flight fiber. About 50% of the 
weight of the feathers is barbs and the other 50% is rachis (Reddy and Yang, 2007).  
 
Figure 2.1 : A typical chicken feather fiber 
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Even assuming that 20% of the barbs have lengths greater than 1 inch required for 
textile applications, about 400 million pounds of barbs will be available as natural 
protein fibers every year. This means an availability of 8% of the protein fibers 
consumed in the world every year. Since the two natural protein fibers wool and silk 
are relatively expensive fibers, using the low cost barbs as protein fibers will make 
many protein fiber products to be economical and also add high value to the feathers. 
Current applications of chicken feathers are mainly in composites and non-woven 
fabrics. These feather fibers have been recently characterized for their micro 
structural properties. However, commercially available feather fibers are the barbs in 
a pulverized form with lengths of about 0.3–1.3 cm. Feather fibers do not have the 
lengths required to be processable on textile machines and are therefore not suitable 
for making spun yarns and woven fabrics in 100% form or as blends with other 
natural and synthetic fibers. Being able to produce yarns and fabrics from barbs is 
important because of the potential for higher value addition and the large textile 
market.  
2.2 Keratin 
Keratin is the major structural fibrous protein providing outercovering such as hair, 
wool, feathers, nails, and horns of mammals, reptiles, and birds (Vasconcelos et al., 
2008). Fibers form chicken feathers are self-sustainable, continuously renewable and 
ecologic. They are biodegradable, due to their natural biopolymer origin; chicken 
feathers contain 91% keratin (Kock, 2006). Keratins are proteins characterised by 
high stability and low solubility (Zoccolaet al., 2009). They are endowed with 
several important features such as surface toughness, flexibility, a high length to 
diameter ratio, hydrophobicity and a highly organized morphology characterized by a 
complex hierarchical structure (Martinez-Hernandez et al., 2005). To these 
advantages, their low cost and density, good thermal insulation properties and non-
abrasive  may be added. The function of feathers as a tough, insoluble, fibrous 
material that provides in which these properties are desirable (Schrooyen et al., 
2001). Water insolubility and mechanical strength are mainly due to the occurrence 
of a large amount of hydrophobic amino acids and cysteine residues in keratin. They 
are mainly present as the disulfide bonded, dimeric amino acid cystine, and to the 
structural organization of the keratin molecules in the feather. Recently, there has 
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 been an increased interest in the use of proteins as a renewable resource for the 
development of biodegradable films, for example, for compostable packaging, 
agricultural film, or edible film applications but only limited attention has been given 
to keratin in this field.  
2.2.1 General information about keratin and protein 
Proteins and peptides serve many functions in biological systems (Bruice, 2004). 
Some protect organisms from their environment or impart strength to certain 
biological structures. Hair, horns, hooves, feathers, fur, and the tough outer layer of 
skin are all composed largely of a structural protein called keratin. Collagen, another 
structural protein, is a major component of bones, muscles, and tendons. Some 
proteins have other protective functions. Snake venoms and plant toxins, for 
example, protect their owners from other species, blood-clotting proteins protect the 
vascular system when it is injured, and antibodies and protein antibiotics protect us 
from disease. A group of proteins called enzymes catalyzes the chemical reactions 
that occur in living systems, and some of the hormones that regulate these reactions 
are peptides. Proteins are also responsible for many physiological functions, such as 
the transport and storage of oxygen in the body and the contraction of muscles. 
Peptides and proteins are polymers of amino acids linked together by amide bonds 
(Bruice, 2004). The repeating units are called amino acid residues. Amino acid 
polymers can be composed of any number of monomers. A dipeptide contains two 
amino acid residues, a tripeptide contains three, an oligopeptide contains three to 10, 
and a polypeptide contains many amino acid residues. Proteins are naturally 
occurring polypeptides that are made up of 40 to 4000 amino acid residues. Presland 
et al. (1989a, 1989b) reported that the avian β-keratins form a multigene family of 
about 20 proteins which are coordinately synthesized during growth and 
differentiation in the embryonic feather. According to O’Donnell (1973), there are  
only minor differences in amino acid composition of different feather parts. Feather 
keratins have a molecular mass of approximately 10000 g/mole. A high degree of 
homology exists between the amino acid sequences of feather proteins that have been 
determined so far. The distribution of residues is highly nonuniform, with the basic 
and acidic residues and the cysteine residues concentrated in the N- and C-terminal 
regions. The sequence is largely composed of cystine, glycine, alanine, valine, 
proline, glutamic acid, leucine and serine, but lower amounts of lysine, methionine 
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and hystidine (Moore et al., 2006; Cheung, et al., 2009). The amino-acid content of 
keratin is characterised by a high cystine content (and at the same time sulphur), 
which may change within 2% wt and 18% wt and a significant amount of 
hydroxyaminoacids, especially serine, about 15% wt (Table 2.1). 
Table 2.1:  Most common amino acids and their percentages in keratin structure 
(Moore at al., 2006; Vasconcelos et al., 2008) 
Amino acid Abbreviation Percentage (%) Formula 
L-Serine Ser 9-15 
HC COOH
CH2OH
H2N
 
L-Cysteine CyS 2-18 
HC COOH
CH2SH
H2N
 
L-Aspartic 
acid Asp 4-6 
 
L-Glycine Gly 6-11 
 
L-Glutamic 
acid Glu 8-11 
 
L-Arginine Arg 5-6 
 
L-Threonine Thr 3-5 
 
L-Alanine Ala 3-5 
 
L-Valine Val 5-7 
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Table 2.1: (contd.) Most common amino acids and their percentages in keratin       
                structure (Moore at al., 2006; Vasconcelos et al., 2008) 
Amino acid Abbreviation Percentage (%) Formula 
L-Leucine Leu 7-9 
 
L-Isoleucine Ile 3-5 
 
L-
Phenylalanine Phe 4-5 
 
L-Histidine His 0,4-1 
CH COOH
NH2
CH2CCH
N NH
C
H
 
L-Methionine Met 0,3-1,30 
 
L-Lycine Lys 0,5-1,2 
 
L-Tyrosine Tyc 2-5 
 
L-Proline Pro 7-9 
 
 9
Peptide bonds and disulfide bonds are the only covalent bonds that hold amino acid 
residues together in a peptide or a protein (Bruice, 2004).The amide bonds that link 
amino acid residues are called peptide bonds. By convention, peptides and proteins 
are written with the free amino group (the N-terminal amino acid) on the left and the 
free carboxyl group (the C-terminal amino acid) on the right. A peptide bond has 
about 40% double-bond character because of electron delocalization (Figure 2.2).  
 
Figure 2.2 : A tripeptide 
The chemical activity of keratin is connected in a significant degree to the cystine 
content (Schrooyen et al., 2000). A distinctive feature of keratins, when compared to 
other major fibrous proteins, such as collagen, elastin, and major fibrillar proteins, is 
the occurrence of a large amount of cysteine residues, mainly present as the disulfide 
bonded dimeric amino acid cystine. Steric hindrance causes the trans configuration to 
be more stable than the cis configuration, so the of adjacent α-carbons of amino acids 
are trans to each other (Bruice, 2004). When thiols are oxidized under mild 
conditions, they form disulfides. A disulfide is a compound with an S-S bond. 
Because thiols can be oxidized to disulfides, disulfides can be reduced to thiols. 
Cysteine is an amino acid that contains a thiol group. Two cysteine molecules 
therefore can be oxidized to a disulfide. This disulfide is called cystine. This is 
known as a disulfide bridge. Disulfide bridges are the only covalent bonds that can 
form between nonadjacent amino acids (Figure 2.3). They contribute to the overall 
shape of a protein by holding the cysteine residues in close proximity. Keratin 
contains an unusually large number of cysteine residues (about 8% of the amino 
acids), which give it many disulfide bridges to maintain its three-dimensional 
structure. Because of this extensive cross-linking and a high amount of hydrophobic 
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residues, keratins are insoluble in polar solvents such as water, as well as in apolar 
solvents. The disulphide bonds which is formed between two cysteine molecules is 
responsible for the high strength of keratin and its resistance against the action of 
proteolitic enzymes (Wrześniewska-Tosik and Adamiec, 2007). On the other hand, 
keratin is very reactive, as cystine can easily be reduced, oxidised, and hydrolysed.   
 
Figure 2.3 : Disulfide bridges cross-linking portions of a peptide 
2.2.2 Keratin structure and denaturation 
Proteins are described by four levels of structure (Bruice, 2004). The primary 
structure of a protein is the sequence of amino acids in the chain and the location of 
all the disulfide bridges.  
Secondary structure describes the conformation of segments of the backbone chain of 
a peptide or protein. To minimize energy, a polypeptide chain tends to fold in a 
repeating geometric structure such as an α-helix or a β-pleated sheet. Three factors 
determine the choice of secondary structure: 
• the regional planarity about each peptide bond (as a result of the partial 
double bond character of the amide bond), which limits the possible 
conformations of the peptide chain 
• maximization of the number of peptide groups that engage in hydrogen 
bonding (i.e., hydrogen bonding between the carbonyl oxygen of one amino 
acid residue and the amide hydrogen of another) 
• adequate separation between nearby R groups to avoid steric hindrance and 
repulsion of like charges 
One type of secondary structure is the α-helix (Figure 2.4). In an α-helix, the 
backbone of the polypeptide coils around the long axis of the protein molecule. The 
helix is stabilized by hydrogen bonds: Each hydrogen attached to an amide nitrogen 
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is hydrogen bonded to a carbonyl oxygen of an amino acid four residues away. The 
substituents on the α-carbons of the amino acids protrude outward from the helix, 
thereby minimizing steric hindrance. Because the amino acids have the L-
configuration, the α-helix is a right-handed helix; that is, it rotates in a clockwise 
direction as it spirals down. Each turn of the helix contains 3.6 amino acid residues, 
and the repeat distance of the helix is 5.4 Å.  
 
 
Figure 2.4 : a) A segment of a protein in an α-helix b) Looking up the  
                                       longitudinal axis of an α-helix 
Not all amino acids are able to fit into an α-helix. For example, a proline residue 
forces a bend in a helix because the bond between the proline nitrogen and the α-
carbons cannot rotate to enable it to fit readily into a helix. Similarly, two adjacent 
amino acids that have more than one substituent on a β-carbon (valine, isoleucine, or 
threonine) cannot fit into a helix because of steric crowding between the R groups. 
Finally, two adjacent amino acids with like-charged substituents cannot fit into a 
helix because of electrostatic repulsion between the R groups. The percentage of 
amino acid residues coiled into an α-helix varies from protein to protein, but, on 
average, about 25% of the residues in globular proteins are in α-helices. 
The second type of secondary structure is the β-pleated sheet (Figure 2.5). In a β-
pleated sheet, the polypeptide backbone is extended in a zigzag structure resembling 
a series of pleats. A β-pleated sheet is almost fully extended-the average two-residue 
repeat distance is 7.0 Å. The hydrogen bonding in a β-pleated sheet occurs between 
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neighboring peptide chains. The adjacent hydrogen-bonded peptide chains can run in 
the same direction or in opposite directions. In a parallel β-pleated sheet, the adjacent 
chains run in the same direction. In an antiparallel β-pleated sheet, the adjacent 
chains run in opposite directions. Because the substituents (R) on the α-carbons of 
the amino acids on adjacent chains are close to each other, the chains can nestle 
closely together to maximize hydrogen bonding interactions only if the substituents 
are small. Silk, for example, a protein with a large number of relatively small amino 
acids (glycine and alanine), has large segments of β-pleated sheets. The number of 
side-by-side strands in a β-pleated sheet ranges from 2 to 15 in a globular protein. 
The average strand in a β-pleated sheet section of a globular protein contains six 
amino acid residues. Wool and the fibrous protein of muscle are examples of proteins 
with secondary structures that are almost all α-helices. Consequently, these proteins 
can be stretched. In contrast, the secondary structures of silk and spider webs are 
predominantly sheets. Because the β-pleated sheet is a fully extended structure, these 
proteins cannot be stretched. 
 
Figure 2.5 : Segment of a β-pleated sheet 
Generally, less than half of a globular protein is in an α-helix or β-pleated sheet. 
Most of the rest of the protein is still highly ordered but is difficult to describe. These 
polypeptide fragments are said to be in a coil conformation or a loop conformation 
(Figure 2.6). 
The tertiary structure of a protein is the three-dimensional arrangement of all the 
atoms in the protein. Proteins fold spontaneously in solution in order to maximize 
their stability. The stabilizing interactions include covalent bonds, hydrogen bonds, 
electrostatic attractions and van der Waals interactions. Stabilizing interactions can 
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occur between peptide groups (atoms in the backbone of the protein), between side-
chain groups and between peptide and side-chain groups. Because the side-chain 
groups help determine how a protein folds, the tertiary structure of a protein is 
determined by its primary structure. Disulfide bonds are the only covalent bonds that 
can form when a protein folds. The other bonding interactions that occur in folding 
are much weaker, but because there are so many of them, they are the important 
interactions in determining how a protein folds.  
 
Figure 2.6 : The backbone structure of a protein with coil conformation 
The keratin arrangement and structure in different keratotic materials is very 
complex (Zoccola et al.,2008). Animal hair are composed of three main 
morphological components, namely the cuticle, that consist of a thin layer of flat 
overlapping cells surrounding the cortical cells, the cortex, which is made of spindle 
shaped cells arranged in the direction of the fiber axis, and the cell membrane 
complex which perform the function of cementing cortical and cuticular cells 
together. Moreover, each cortical cell is composed of microfibrils, made of multiple 
a-helical, closely packed, low sulphur subunits, embedded in a matrix containing two 
non-filamentous protein types, namely the high-sulphur proteins and the glycine- and 
tyrosine-rich proteins.  
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Figure 2.7 : Stabilizing interactions responsible for the tertiary structure of a  
                      protein 
Feathers consist of a regular network of dichotomically branched barbs and barbules, 
which are consisting of corneocytes containing a resistant type of keratin, termed 
feather keratin. Feather keratins contain β-pleated sheets in some regions of their 
molecules, give an X-ray pattern of β-type and are capable of forming filaments. 
Horn and hooves are composed of a core of bone (the distal phalanx in the hoof) 
surrounded by a thick keratin covering. Keratin molecules, with different 
biomechanical properties and molecular weights, with varying degrees of hardness 
and sulphur concentration, are expressed in hoof tissue. 
The cysteine residues in keratin are oxidized to give inter- and intra-molecular 
disulfide bonds, which may result in the mechanically strong three-dimensionally 
linked network of keratin fiber (Martelli, S.M. et al., 2006). The flexible but tough 
property of wool and feathers may be attributed to this characteristic structure of 
keratin fiber. The central portion is rich in hydrophobic residues and has a β-sheet 
conformation (Arai et al.1983). There are essentially two types of keratin, 
traditionally classified as either soft or hard (Schrooyen et al., 2001). The soft 
keratins, with a low content of disulfide bonds, are found in the stratum corneum and 
callus, whereas the hard keratins are found in epidermal appendages such as feathers, 
hair, nails, and hoofs and have a high disulfide content. Apparently, the amount of 
disulfide bonds determines largely whether a keratinous material is soft, flexible, and 
extensible, like the epidermis, or hard, tough, and inextensible, like hair or feathers.  
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According to the amino acid sequence, keratin has about 40% hydrophilic chemical 
groups and 60% hydrophobic chemical groups in its structure. The protein molecules 
can then assemble into an α-helix, a β-sheet, or a random coil macrostructure 
(Schmidt, W.F. and Line, M.J., 1996). Keratin feather fiber is 41% α-helix, 38% β-
sheet, and 21% random (disordered) structures. The α-helical structure contains intra-
molecular hydrogen bonds between the amide and carbonyl groups in the protein 
backbone. The β-sheet structure contains interchain hydrogen bonding between the 
amide and carbonyl groups in the protein backbone. The hydrogen bonding can be 
correlated with the bound water in the protein structure (Schmidt and Jayasundera, 
2003). The helices can pack together to form crystals. The semicrystalline and cross-
linked structure in keratin feather fiber results in a polymer with a relatively high 
elastic modulus of approximately 3.4–5 GPa (Fraser and Mac-Rae, 1980). 
If a protein has more than one polypeptide chain, it has quaternary structure (Bruice, 
2004). The quaternary structure of a protein is the way the individual protein chains 
are arranged with respect to each other. Proteins that have more than one peptide 
chain are called oligomers. The individual chains are called subunits. The subunits 
are held together by the same kinds of interactions that hold the individual protein 
chains in a particular three-dimensional conformation: hydrophobic interactions, 
hydrogen bonding, and electrostatic attractions. The quaternary structure of a protein 
describes the way the subunits are arranged in space. 
Destroying the highly organized tertiary structure of a protein is called denaturation. 
Anything that breaks the bonds responsible for maintaining the three-dimensional 
shape of the protein will cause the protein to denature (unfold). Because these bonds 
are weak, proteins are easily denatured. The totally random conformation of a 
denatured protein is called a random coil. The following are some of the ways that 
proteins can be denatured: 
• Changing the pH denatures proteins because it changes the charges on many 
of the side chains. This disrupts electrostatic attractions and hydrogen bonds. 
 Certain reagents such as urea and guanidine hydrochloride denature proteins 
by forming hydrogen bonds to the protein groups that are stronger than the 
hydrogen bonds formed between the groups. 
 Detergents such as sodium dodecyl sulfate denature proteins by associating 
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with the nonpolar groups of the protein, thus interfering with the normal 
hydrophobic interactions. 
 Organic solvents denature proteins by disrupting hydrophobic interactions. 
 Proteins can also be denatured by heat or by agitation. Both increase 
molecular motion, which can disrupt the attractive forces. 
2.2.3 Some studies on keratin 
Coward-Kelly et al. (2006), treated chicken feathers with calcium hydroxide in order 
to increase the digestibility of feather as animal feed (Figure 2.8). The treatment 
hydrolyzed the protein to soluble amino acids and polypeptides so the feathers could 
be used as an amino acid-rich animal feed. The effect of treatment conditions such as 
temperature, lime loading, feather concentration, and reaction time on the hydrolysis 
process were determined. The digestibility and amino acid degradation of the 
solubilized keratin were also studied .  
 
Figure 2.8 : Schematic diagram of the experimental apparatus for lime treatment of 
                      keratin 
According to a Chinese patent, artificial hair was prepared.by dissolving 10-20 wt% 
egg white protein and 30-40 wt% keratin in zinc chloride solution (Xu, 2005). Then, 
40-50 wt% acrylonitrile and 10 wt%, an acrylic acid derivative monomer such as 
vinyl chloride were added and initiated with a redox initiator to obtain a spinning 
dope. The product was sprayed via a spinneret into a coagulating bath of zinc 
chloride solution to obtain gel-like filament bundle and desalted in an acidic water 
bath with a pH of 1-3 to remove residual zinc chloride; washed, drawed; and soaked 
in 0.5-20% hydrazine hydrate solution at 70-100°C for chemical crosslinking 
treatment.  The method was found simple and low in cost, with rapid spinning speed. 
The obtained artificial hair had soft feeling, gentle gloss, and long service life.  
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Feather keratin was prepared as a leather finishing agent by Zang at al. (1995). 
Acrylic-grafted keratins from hair and feathers formed good emulsions and were 
used for finishing and filling of leathers.  The treated leathers had good physical 
properties.  
In a Japanese patent,  wool keratin powder was copolymerized with acrylonitrile and 
wet spun to draw wool-like fibers with tenacity ≥3.5 g/denier (Ikeda et al., 1991).  
According to another Japanese patent, multiporous wool keratin membranes useful 
for ultrafiltration membranes, were prepared by grafting the reduced keratin with 
acrylonitrile and optionally with a vinyl monomer, forming a film from the keratin, 
and treating the film with an agent to dissolve the nongrafted keratin (Shinoda et al., 
1978). 
Barone (2004), blended feather keratin waste from poultry processing with sodium 
sulfite and glycerol and then extruded. The effect of feather keratin quality, glycerol 
concentration, water concentration, sodium sulfite concentration, and extrusion 
conditions on rheology and solid-state properties were studied to produce an easily 
processed value-added product from a waste. In another study of Barone with 
Schmidt (2005), polyethylene-based composites were prepared using keratin fibers 
obtained from chicken feathers for reinforcement. 
Polyethylene-based composites were prepared using keratin feather fiber obtained 
from chicken feathers (Barone et al., 2005). Keratin fibers were mixed into high-
density polyethylene in the compounding step and the variables such as 
compounding time, temperature, speed and state of fiber dispersion were studied. 
Then, the composites were compression molded at various times and temperatures in 
the molding step.  It was found that keratin feather fiber provides a stiffness increase 
to high-density polyethylene but lowers tensile breaking stress. 
According to a study by Aluigi et al. (2008a), wool fibers were disrupted in their 
histological components attaching the intercellular cement by ultrasonic-enzyme 
treatments and the resulting cells were embedded in a polymeric film-forming matrix 
of cellulose acetate, with the aim of obtaining new composite material, suitable for 
film production and filament spinning.  In another study of Aluigi et al. (2008b), 
regenerated keratin was blended with aqueous solutions of poly(ethylene oxide) in 
different proportions in order to improve its processability. Keratin was extracted 
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from Australian merino wool. Keratin was used because it has useful properties such 
as biocompatibility and biodegradability. Moreover, keratin materials can absorb 
heavy metal ions, formaldehyde and other volatile organic compounds (VOCs). The 
chemical, physical and rheological characteristics of the blend solutions were 
correlated with morphology, structural, thermal and mechanical properties of the 
electrospun mats. These blend nanofibers were thought to be used as filter for air 
cleaning from VOCs. 
Varesano et al. (2008), reported the interaction between keratin and poly(ethylene 
oxide) in aqueous solutions for nanofiber electrospinning by means of the additive 
rule of viscosity. Keratin was extracted from wool and poly(ethylene oxide) was 
added in different ratios to keratin solutions to improve the processability of the 
keratin itself. 
Blend films of silk fibroin from B. mori and regenerated keratin from merino wool 
were prepared by water and formic acid casting and characterized in the solid state 
by FT-IR spectroscopy, DSC thermal analysis, and tensile measurements by 
Vasconcelos et al. (2008). The results showed that the protein matrices developed 
were suitable to further biomedical and biotechnological applications. 
Zoccola et al. (2008), dissolved silk fibroin with regenerated keratin from wool in 
formic acid and mixed in different proportions. The solutions were characterized for 
their rheological  and then they were both electrospun to produce nanofibers and cast 
in polyester plates to obtain blend films for structural comparative studies. 
Srinivasan et al. (2009), prepared porous scaffold by extracting keratin in the reduced 
form from horn meal by means of chemical methods and characterized its 
physiochemical properties.  As a result, they found that keratin is a promising 
biomaterial in the field of biomedical science to be used for tissue engineering and 
dermal drug delivery systems.  
Barone (2009), incorporated lignocellulose-based fibers obtained from different plant 
materials, (namely, wheat straw, corn stalk, coffee chaff, flax, kenaf, banana, and 
hemp) into feather keratin polymer for reinforcement. However, reinforcement could 
only occur at small strain loadings and a shear lag analysis showed that most of the 
interaction between the fiber and polymer was through friction. 
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Martinez-Hernandez et al. (2005), prepared poly(methyl methacrylate) composites 
reinforced with natural protein biofibers from chicken feathers and evaluated through 
a series of tensile tests. It was found out that there was an excellent compatibility 
between fibers and PMMA matrix as a result of  the hydrophobic nature of keratin 
fiber. The normally rigid behaviour of PMMA was modified by using keratin fibers 
and Young’s modulus of composite material was also increased. These results 
showed that feather fibers could be a new source of natural high structure fibers 
useful to create new materials provided with satisfactory properties. 
Poopathi and Abidha (2008), reported a study to produce mosquitocidal toxins by 
degrading chicken feathers, discarded as environmental waste, from poultry 
processing industries, for bacterial culture media preparation. For this study, the 
complete degradation of feather waste by the entomopathogenic bacteria (Bacillus 
sphaericus and Bacillus thuringiensis serovar israelensis) was enabled to prepare 
bacterial culture media by using chicken feather powder (0.5%). Thus, it was helped 
to overcome the problem of dumping of poultry feather waste into the environment. 
Moore et al. (2006) made a study in order to evaluate the effect of the glycerol 
concentration on mechanical, water vapor barrier and thermal properties, and on 
water solubility and water sorption isotherms of films based on chicken feather 
keratin. Proteins form brittle films without the addition of plasticizing compound 
such as polyols. It was found that glycerol at different level concentrations decreased 
the maximum tensile strength of chicken feather keratin films whereas it increased 
their elongation at break. As a result, the tensile strength and elongation at break 
could be controlled through the glycerol concentration added in the keratin 
dispersion used to obtain the samples. 
The keratin from the poultry feathers was reduced and then solubilized so that it 
could be used in cosmetics or pressed into films for biodegradable coatings or for 
cell culturing substrates by (Schrooyen et al., 2000). However, reduction techniques 
were multi-step, long time chemical processes. A simpler method of solubilization 
would therefore be advantageous and offer easier processing methods as well as new 
industrial opportunities for the feather biomass. 
Chemically modified chicken feather was used as a biosorbent in order to remove 
toxic chromium(VI) ions (Sun et al., 2009). Chicken feathers constitute a fibrous 
proteinaceous material with a complicated structure showing a large surface area so, 
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they are potentially excellent adsorbent. In previous investigations, Chicken feathers 
were used to adsorb dyes (Gupta et al., 2006; Mitta 2006a, 2006b), and the results 
suggested that hen feathers are excellent biosorbents for the removal of dyes. They 
have also been used for the removal of heavy metals such as As(III) and Zn(II), 
Cu(II), and Ni(II) from wastewater (Banat et al., 2002; Al-Asheh et al., 2002). The 
results show that chemically treated chicken feathers have larger sorption capacities 
than do untreated chicken feathers. 
Polymer composite was formed with alkali-treated chicken feathers and epoxy as a 
reinforcement (Mishra et al., 2009). It was found that the density of composite 
decreased drastically than that of the epoxy resin. When the composite was made 
with treated and untreated poultry feathers, the density and flexural strength got 
affected. The interface bonding between the matrix and reinforcement might have 
been beneficial (i.e., the epoxy resin and feather) due to the formation of ester and 
amine groups determined from FTIR observations. The presences of these functional 
groups were responsible for the variation of flexural strength and elastic modulus of 
these composites. 
Poly(L-lactic acid)/keratin electrospun nonwoven fibrous membranes were prepared 
to be used as scaffolds at the outset, with different poly(L-lactic acid)/keratin mass 
proportions (Lv et al., 2008).  They were characterized mechanicaly and physically. 
It was found that with increasing of keratin content, poly(L-lactic acid)/keratin 
electrospun nonwoven fibrous membranes’ tensile strength and elongation were 
decreased; their moisture content increased; but their compressional properties and 
water vapour permeability were not influenced by keratin content significantly.  
As a kind of natural protein, wool keratin was used to improve the cell affinity of 
poly(L-lactic acid) (Li et al., 2009). After small keratin particles were prepared from 
keratin solution by spray-drying process, they were blended with poly(L-lactic acid) 
solution. poly(L-lactic acid)/keratin nonwoven fibrous membrane was produced by 
electrospinning the blend solutions. After one week of culturing, more osteoblast 
cells were observed on poly(L-lactic acid)/keratin membranes than on poly(L-lactic 
acid) membranes. The cell viability and differentiation on poly(L-lactic acid)/keratin 
membranes were significant higher than that on pure poly(L-lactic acid) membranes. 
These results suggested that keratin could provide continuous attraction on cell 
attachment and proliferation.  
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Martelli et al. (2006), investigated the effect of varying the amount of sorbitol on 
properties of chicken feather keratin films for further use as food packaging. As the 
concentration of plasticizer increased, the moisture content of these films increase. 
Mechanical and barrier properties could be controlled by varying the plasticizer 
concentration. The water vapor permeability of the keratin films obtained in this 
work was lower than other protein based films, such as films from soy and gluten 
proteins. On the other hand, water vapor permeability of films plasticized with 
sorbitol were higher than films made with glycerol. Films solubility was greatly 
increased by sorbitol addition. These results can be used to define the appropriate 
application for the resultant films. For example, the packaging of materials or foods 
with high water activity would be not recommended with highly soluble films. Films 
with potential applications in food packaging can be obtained from chicken feather 
keratin. However, further researches are necessary to decrease film solubility and 
increase mechanical resistance.  
Endo et al. (2008), developed a new method for the conservation of archaeological 
waterlogged wood to avoid the waterlogged wood collapsing and losing their original 
dimensions completely, They used avian feather keratin instead of poly(ethylene 
glycole) which darkens the surface of wood and exposes toxic acids during heat 
treatment. They prepared stable solutions of duck, chicken, or goose feathers 
dissolved using sodium hydroxide. It was found that he anti-shrink efficiency of duck 
feather keratin treatment was higher than that of chicken or goose feather keratin 
treatments. The explanation was that the hydrolyzed structures of duck feather 
keratin were characterized by higher crystallinity and anti-alkali structures 
contributing to the good dimensional stability. 
2.3 Redox Polymerization of Acrylonitrile with Persulfates 
All free-radical chain reactions require a separate initiation step in which a radical 
species is generated in the reaction mixture (Saraç, 1999). Some types of chain 
reactions are initiated by adding a stable free radical, one that shows little or no 
tendency for self-combination, directly to the reactants, but a separate initiation step 
is still involved because these stable radicals are most often inorganic ions or metals. 
Radical initiation reactions, can be divided into two general types according to the 
manner in which the first radical species is formed; these are: (1) homolytic 
 22 
decomposition of covalent bonds by energy absorption; or (2) electron transfer from 
ions or atoms containing unpaired electrons followed by bond dissociation in the 
acceptor molecule. 
A very effective method of generating free radicals under mild conditions is by one-
electron transfer reactions, the most effective of which is redox initiation. 
Redox polymerization has some advantages such as the almost negligible short 
induction period, a low activation energy of about 40–80 kJ/mol and ability of 
polymerization under milder conditions than thermal polymerization (Yağcı and 
Yıldız 2005). This lowers the possibility of side chain reactions giving high 
molecular weight polymers with a high yield.  
Persulfates are one group of commonly used oxidants besides peroxides, 
permanganates, the salts of transition metals, etc. These oxidants form potential 
redox systems with various reducing agents like alcohols, aldehydes, amines, amides, 
ketones, acids, thiols etc. for the aqueous polymerization of vinyl monomers. In 
redox systems, oxidant forms initially a complex by reacting simply organic 
molecules which then decomposes unimolecularly to produce free radicals that 
initiate polymerization. Potassium persulfate is an oxidizing agent in analytical 
chemistry, used in the measurement of organic phosphorus in wastewaters (Patnaik, 
2002). Some important applications are in bleaching fabrics; removal of last traces of 
thiosulfate from photographic negatives and paper; oxidizing certain dyes in cotton 
printing; and initiating copolymerization reactions. Potassium persulfate is colorless 
or as white crystals. It has a density of 2,477 g/cm3. It decomposes at about 100oC. 
Potassium persulfate can be prepared by electrolysis of a mixture of potassium 
sulfate and potassium hydrogen sulfate at a high current density (2.1). 
2KHSO4 → K2S2O8 + H2                                                                                                                                           (2.1) 
Ammonium persulfate (NH4)2S2O8 is a strong oxidizing agent. It is very soluble in 
cold water, a large fall of temperature accompanying solution. It is a radical initiator. 
Ammonium persulfate was prepared by H. Marshall by the method used for the 
preparation of potassium persulfate which is the electrolysis of a solution of 
ammonium sulfate and sulfuric acid. It appears as white to yellowish crystals. 
Ammonium persulfate has a density of 1,98 g/cm3 and a melting point at 120oC. 
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With persulfate initiator, several monomers (acrylonitrile, methacrylic acid, 
methacrylamide, methyl methacrylate and ethyl acrylate) have been grafted onto 
wool fibers with the aid of cysteine present in wool (2.2-2.6) (Saraç, 1999). 
 
       (2.2) 
 
or 
       (2.3) 
 
       (2.4) 
 
       (2.5) 
     
       (2.6) 
Initiation of polymerization can result from ˙OH; ˙RS or SO4˙- depending on the 
reaction conditions, radicals and monomer reactivities. The oxyacids of sulfur such 
as sulfite, bisulfite, bisulfate, thiosulfate, metabisulfite and dithionate form efficient 
redox systems in conjuction with persulfates. The initiation reaction of these systems 
may be represented as in (2.7 and 2.8). 
 
       (2.7) 
 
       (2.8) 
Both SO4˙- and ˙SxOy(n-1)- can initiate the polymerization. The absence of hydroxyl 
end groups in the polymers obtained with this class of redox pairs is probably due to 
the fact that the reducing sulfoxy compounds (or radicals derived from them) are 
good scavengers for ˙OH radicals. Polymerization initiated by the persulfate 
thiosulfate redox pair can be represented as in (2.9 and 2.10). 
 
       (2.9) 
            
     (2.10) 
It has been suggested that these radicals react with each other giving anions. 
However at high concentrations of S2O3-; polymerization probably initiates with ˙OH 
according to the following reaction (2.11). 
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     (2.11) 
The polymerization of acrylamide, acrylonitrile, methacrylamide and 
methylmethacrylate with persulfate (peroxidisulfate) and several different reducing 
agents has also been reported. 
From kinetic studies with ascorbic acid involving acrylonitrile monomer, the 
formation of charge transfer complexes between ascorbic acid and persulfate was 
suggested. This produces ascorbate radicals for the initiation of polymerization. 
SO4˙- radicals produced via the thermal decomposition of S2O82- is considered to be 
responsible for the acrylamide polymerization (2.12-2.15).  
          
     (2.12) 
            
     (2.13) 
           
     (2.14) 
      
     (2.15) 
Guo et al. (1990), investigated the initiation mechanism persulfate/aliphatic diamine 
system. The primary or secondary diamines first formed a contact-charge-transfer 
complex when they were contacted with persulfate. Then, an ammonium salt was 
formed through electron-donating from the N-atom (2.16).  
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                                                                                (2.16) 
Sun et al. (2003), studied the graft copolymerization of methacrylic acid onto 
carboxymethyl chitosan which was initiated with ammonium persulfate in an 
aqueous solution. According to their study, they indicated that the copolymerization 
was initiated with the redox system combined by ammonium persulfate and NH2 
group in carboxymethyl chitosan.  
Lv et al. (2009), proposed an initiation mechanism for grafting acrylonitrile onto 
chitosan using ammonium persulfate/sodium thiosulfate as redox initiator system.  
Free radicals were preferentially generated from this redox initiator system. Then, the 
free radicals captured the atom H of –OH and –NH2 on backbone of chitosan to form 
the macromolecular radicals of chitosan (2.17-2.22 and 2.23-2.28). And finally graft 
reaction was terminated with two macromolecular chain radicals reacting with each 
other (2.29 and 2.30). They reported that polyacrylonitrile was one of the most 
important fiber-forming polymers because of its excellent physical and chemical 
properties and so it has been widely applied in textiles. Acrylonitrile has been the 
most frequently used one among the many vinyl monomers grafted, due to its high 
grafting efficiency and easy to hydrolyze to introduce varied subsequent derivatives. 
It was previously reported that ammonium persulfate or potassium persulfate which 
belong to the peroxy initiator system could be used as the initiator alone. But 
according to Lv et al., the initiator of ammonium persulfate and sodium thiosulfate 
could consist of the redox system and generate two free radicals thus decrease the 
decomposition activation energy with faster polymerization rate. 
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Grafting at –OH groups of chitosan 
Initiation 
 
     (2.17) 
 
     (2.18) 
 
     (2.19) 
Propagation: 
 
     (2.20) 
 
     (2.21) 
 
(2.22) 
Grafting at –NH2 groups of chitosan 
Initiation: 
 
     (2.23) 
 
     (2.24) 
 
(2.25) 
Propagation: 
 
     (2.26) 
 
     (2.27) 
 
(2.28) 
Termination: 
 
     (2.29) 
 
     (2.30) 
Polyacrylonitrile adopts the head-to-tail linkage of its monomer units with nitrile 
groups on alternate carbon atoms at very close proximity (Mark et al., 1985) . The 
polar nature of polyacrylonitrile provides its unique and well-known characteristics 
including hardness and rigidity, resistance to most chemicals and solvents, sunlight, 
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heat and microorganisms, slow burning and charring, reactivity towards nitrile 
reagents, compatibility with certain polar substances, ability to orient and low 
permeability towards gases. On the other hand, acrylonitrile homopolymer has little 
application because of its high melting point, high melt viscosity and poor thermal 
stability. The principal uses of acrylonitrile are in acrylic fibers, copolymers with 
styrene (SAN), and in combination with butdiene and styrene (ABS). Polymerization 
of acrylonitrile can be carried out in bulk, emulsion, suspension, slurry or solution.   
Schaller et al. (1980), grafted acrylonitrile onto a soluble wool keratin derivative 
with a redox system of ammonium persulfate/sodium sulfite in aqueous ZnCl2 
solution at 10oC.  
Wang and Pan (2000), copolymerized styrene with acrylonitrile by emulsifier-free 
emulsion polymerization using ammonium persulfate (APS) as the initiator. Then, by 
means of chemical metal deposition, P(St-co-AN)Ni composite particles with 
magnetic property were prepared.  
Polesskaya and Korchagin(1974), copolymerized silk fibroin with acrylonitrile and 
methacrylate in the presence of V5+/V4+ redox system in order to resistance towards 
UV irradiation. and fungal degreadation. It was found that the grafting rate of fibroin 
was slower than grafting rate of keratin.  
There has been significant interest to emulsifier-free emulsion polymerization since 
Matsumoto and Ochi (1965), first proposed that the monodisperse microspheres 
could be prepared by an based on styrene/potassium persulfate/water (St/KPS/H2O) 
system. Several researchers studied on how an emulsifier-free emulsion system can 
gain colloidal stability via the involvement components that act as emulsifiers. It has 
been reported that ionizable initiators can behave as emulsifiers in an emulsifier-free 
emulsion polymerization by Goodall et al. (1977) and Arai et al. (1979-1980) for 
potassium persulfate and by Lui et al. (1981) for azobis(isobutylamidine 
hydrochloride). The ionic comonomers introduced for an emulsifier-free emulsion 
polymerization not only can offer higher solid content but also be chemically bonded 
on the particle surface whereby stabilizing the polymer latex (Ou et al., 2001). The 
nucleation mechanism of the emulsifier-free emulsion polymerization system is 
likely to be influenced by the hydrophilicity of the comonomer and its relative 
reactivity. A monomer with its high hydrophilicity could make ease of homogeneous 
nucleation as it was used in an emulsifier-free emulsion polymerization. Also it was 
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reported the emulsifier-free emulsion polymerization of vinyl and acrylic monomers 
using persulfates as initiators and complex catalyzing systems for their application in 
the biomedical field and as magnetic materials, coatings or as adhesives (Sahoo and 
Mohapatra, 2003). The emulsions can be stabilized by the polymer capped with 
hydrophilic groups produced by using ionizable initiators such as persulfates or by 
ionic polymers obtained by adding comonomers with ionic groups such as 
carboxylate monomers. The emulsifier-free emulsion polymerization of acrylonitrile 
initiated by an acidic peroxo salt, potassium monopersulfate in the presence of 
inorganic powders and the effect of a Cu(II)/phenols chelate complex on the KHSO5 
initiated vinyl polymerization of AN was also studied. 
According to Xu et al. (2003), polyacrylonitrile and acrylonitrile-based copolymers 
have been successfully applied as membrane materials in the fields of dialysis, 
ultrafiltration, enzyme immobilization, and pervaporation but, their further 
applications in aqueous solution and biomedical usage were limited because of their 
the relatively poor hydrophilicity and biocompatibility for this type of membrane. 
The solution was thought to increase the hydrophilicity of the membrane surface and 
improve biocompatibility for the membranes. It was found that copolymerizing 
acrylonitrile with vinyl carbohydrates would increase the hydrophilicity and reduce 
the fouling of polyacrylonitrile-based membranes. As a result, acrylonitrile was 
copolymerized with R-allyl glucoside using K2S2O8-Na2SO3 as initiator system and 
water as reaction medium. 
Prochon et al. (2007) reported that XSBR and carboxylated acrylonitrile-butadiene 
(XNBR) rubbers were typical examples about preparation of latexes in the absence 
of emulsifier and presence of unsaturated carboxylic acid monomers. In such 
systems, particle nucleation and oligoradical formation occur simultaneously. The 
radicals grow up to a critical chain length and generate precursor particles after 
separation from aqueous phase. 
Acrylonitrile-styrene-methylmethacrylate terpolymer was synthesized by bulk and 
emulsifier-free emulsion polymerization techniques (Botros and Moustafa, 2002). 
Emulsion polymerization was initiated with ammonium persulfate. The resultant 
acrylonitrile-styrene-methylmethacrylate emulsion was precipitated with methanol. 
The bulk polymerization was initiated with dibenzoyl peroxide. As a result, the % 
conversion to AN–S–MMA terpolymer prepared with the emulsifier-free emulsion 
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terpolymerization at 50°C, reached a maximum value (80%) after 200 minutes while 
the % conversion to AN–S–MMA terpolymer prepared with the bulk 
terpolymerization at 65°C reached 73% after 240 minutes. 
2.4 Textile Fibers 
2.4.1 Requirements for textile fiber 
One individual property can rarely determine the value of a fiber. Rather, a 
combination of properties will govern technical and commercial success (Poole et al., 
2009). For conventional textile applications these relate to (1) acceptable tensile 
strength of around 5 g/denier (574 MPa); (2) acceptable elongation at break (above 
10%); (3) reversible elongation in the range up to 5% strain; (4) modulus of elasticity 
between 30 and 60 g/denier (3443-6887 MPa) conditioned and not dropping too 
much in the wet; (5) moisture absorption of 2-5%; (6) dyeability, comfort, easy care, 
and abrasion resistance (though this equally relates to fabric construction and is not 
always important); (7) resistance to dissolution and strong swelling in water and 
moderately strong acids, bases and basic solvents up to temperatures of 100oC; and 
(8) without a tendency to catch fire or support combustion. For the fiber to be 
utilized by industry, the quality and quantity must be consistent over time. This 
requires a reliable supply chain to be in place with both the quality and quantity of 
raw material to be consistent over time. There must also be sufficient profit available 
throughout the production pipeline.  
Fibers are composed of oriented assemblies of linear macromolecules. Properties of 
the assembly can be improved through choice of polymer, cross-linking and 
crystallinity, and the incorporation of reinforcing fillers or nanoparticles. In general, 
a polymer molecular weight of 10000-50000 g/mole will produce good fibers. 
Experience from synthetic fibers shows the optimum varies depending on the 
polymer. For example, the closely related compounds polyhexamethylene fumaride 
and polyhexamethylene succinamide exhibit good fibrous properties at 12000-25000 
g/mole, respectively. For proteins, increasing molecular weight is thought to increase 
the area of contact between chains, but going beyond the optimum molecular weight 
does little to improve fiber properties. At very high molecular weight the protein 
chains can loop back and forth, which limits fiber strength. Uniformity of chain 
length is thought to be a potential advantage. Molecules should be linear and consist 
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of residues without bulky side groups as these can prevent the close packing of 
chains and reduce crystallinity. Close packing is also desirable to give shorter 
covalent cross-link distance. Amino acids capable of forming interchain cross-links 
are desirable. Cysteine residues are particularly useful as they can spontaneously 
combine to form cystine through formation of a covalent disulphide cross-link. Other 
desirable residues include tyrosine, glutamic and aspartic acid, arginine, lysine, and 
serine. Cross-linking and crystallinity affect the protein fiber’s tensile strength and 
other properties. Their degree and character are greatly affected by the amino acid 
composition of the protein and the processing conditions. Before fiber spinning, the 
dissolved protein chains must be put into an extended, unraveled form (noncovalent 
interchain bonds disrupted). The spun fiber is drawn (elongated) to maximize chain 
alignment, give close packing of chains and to allow regions of crystallinity to 
develop. Elongation occurs above the glass transition temperature (Tg) as below this 
temperature mobility is suppressed. The chain alignment leads to considerable 
increases in mechanical strength. Spontaneous interchain cross-linking can occur 
between neighboring chains via suitable residues, particularly cysteine. Additional 
covalent links can be formed between a range of amino acid residues using chemical 
cross-linking agents. Metal catalyzed photo cross-linking forms interchain dityrosine 
residues. Trans-glutaminase is capable of cross-linking wool fibers and is used in 
commercial wool finishing; it forms links between lysine and glutamine residues. 
Glutaraldehyde is used in food applications and forms covalent links between lysine 
and tyrosine residues. An important factor is the distance that cross-linking agents 
are able to bridge, and chains must be packed tightly enough that at least two reactive 
sites are available at the required distance for cross-link formation. Cross-linking is 
also limited by the location of suitable amino acid residues along the chain.  
2.4.2 Electrospinning 
Nanofibers can be produced from a wide range of polymers (Fang et al., 2008). 
These fibers have extremely high specific surface be highly porous with excellent 
pore interconnection. These unique characteristics plus the functionalities from the 
polymers themselves impart nanofibers with many desirable properties for advanced 
applications. Several methods have been developed to fabricate nanofibers, such as 
template, self-assembly, phase separation, melt-blown and electrospinning. 
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The first documented accounts of electrostatic spinning of a polymer solution into 
nanofibers were described in 1902 by J. F. Cooley and by W. J. Morton (Andrady, 
2008). An improved version of electrospinning process was patented by Formhals in 
1934 wherein an experimental setup was outlined for the production of polymer 
filaments using electrostatic force. So, electrospinning is a process that creates 
nanofibers through an electrically charged jet of polymer solution or polymer melt 
(Ramakrishna et al., 2005). Electrospinning is currently the most promising 
technique to produce continuous nanofibers on a large scale and the fiber diameter 
can be adjusted from nanometers to microns (Fang et al., 2008). Also, 
electrospinning is a relatively easy and fast process to produce nanofibers. Although 
the first patent on electrospinning technique was published as early as in 1934, this 
technique has not been well established until recent times. Technically, 
electrospinning is a process that uses a strong electric field to draw a polymer fluid 
into fine filaments. The basic electrospinning apparatus, consists of a nozzle, a high 
voltage power supply, a container for polymer fluid and an electrode collector 
(Figure 2.9). When a viscous fluid is charged with a high voltage, the electrostatic 
force draws the fluid into liquid jet. Because of the interaction between the jet and 
external electric field and charge repulsion inside the jet, the charged jet undergoes a 
bending or whipping instability to stretch it thinner. Solvent evaporation from the 
filaments results in solid fibers.  
 
Figure 2.9 : Basic apparatus for electospinning 
In most cases, the as-spun fibers deposit randomly on the electrode collector forming 
a non-woven nanofiber mat. Aligned nanofibers can also be produced using 
controlled fiber deposition techniques. Until now, more than 100 polymers and many 
inorganic materials have been electrospun into nanofibers. The nanofibers can have 
many different morphologies, such as porous-surface nanofibers, core-sheath and 
side-by side structures. The extremely fine electrospun nanofibers make them very 
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useful in a wide range of advanced applications, and several reviews on nanofibers 
have been published. But new applications have been explored for these fibers 
continuously. The main application areas of electrospinning are:  
 Filtrations 
 Affinity membranes and recovery of metal ions 
 Tissue engineering scaffolds 
 Wound healing 
 Release control 
 Catalyst and enzyme carriers 
 Sensors 
 Energy storage  
Nanofiber diameters can be controlled by polymer viscosity and conductivity, 
surface tension, the electric field applied; distance between the needle tip and the 
collecting screen, and the bore diameter of the needle. Though multiple techniques 
exist for fabricating nanofibers, electrospinning is the most common because it has a 
relatively low cost, and can be produced in large quantities. 
One of the greatest potential in electrospun fiber is in the area of bioengineering 
(Ramakrishna et al., 2005). The materials used have to be biocompatible for many 
biomedical applications, so, natural polymers have an advantage over synthetic 
materials. Since most of the natural polymers can be degraded by naturally occurring 
enzymes, they can be used in applications where temporary implants are desired or in 
drug release. It is also possible to control the degradation rate of the implanted 
polymer by chemical cross-linking or other chemical modifications thus allowing 
greater versatility in the design of the implant. Proteins and polysaccharides are the 
most common natural polymers that have been electrospun. Proteins that have been 
electrospun include collagen, gelatin, fibrinogen and silk. Collagen is one of the most 
commonly used natural polymer. Collagens are naturally found in connective tissues 
where they provide mechanical support. 
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3.  EXPERIMENTAL PART 
3.1 Chemicals 
Acrylonitrile : Fluka, kept in a fridge at -10oC before use 
Ammonium persulphate  : Dried in drying oven 
Sodium sulphur : Merck 
Sodium metabisulfite : Technical 
Sodium hydroxide : Merck 
Acetic acid : Riedel-de-Haen 
Chicken feather : Erpiliç Poultry Factory 
DMSO : Carlo Erba 
DMF : Lab-Scan 
Dichloromethane : Merck 
Acetone : Used after distillation 
3.2 Instruments 
Mechanical stirrer : Heildolph RZR1 TypeAC 220V, 50Hz. 
Magnetic stirrer : AGE 10.0164, VELP Scientifica srl. 
Vacuum : Shel-Lab vacuum drying oven was used for vacuum drying. 
Freeze Drier : Alpha 1-4 LD plus freeze drier was used to dry keratin. 
FT-IR : Infrared spectra were recorded on disks of %1 w/w 
samples/KBr mixtures with Thermo Nicholet 380. 
1H-NMR : 1H-NMR spectra were recorded with Bruker 250 MHz 
NMR Spectrometer and performed in DMSO-d6 medium.  
SEM : The morphology of keratin, copolymers and fibers were 
observed with a SUPRA GEMINI 35 VP scanning electron 
microscope. Samples were coated with carbon. 
Viscometer : The flow behaviour of dispersions was determined with Brookfield CAP 2000+ Viscometer. CAP Spindle: CAP-S-
01. 
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DSC : DSC analysis were performed with TA Instruments Q10 
and TA Instruments Q1000. 
TGA : TGA analysis were performed with TA Instruments Q50. 
3.3 Keratin From Chicken Feather 
3.3.1 Extraction of chicken feather 
Lipid compounds in chicken feather were eliminated by reflux with an organic 
solvent such as dichloromethane or chloroform for 6 hours. After extraction, chicken 
feathers were cut into small pieces. 
3.3.2 Solubilisation of keratin 
At the second step, the cleaned, dried and cut feathers were dissolved in an aqueous 
solution of 1-1,5 N NaOH and/or 0,1 N Na2S; 1,5 N NaOH and 5-10 mmole/L 
EDTA. The process was conducted in a water bath under dynamic conditions, at the 
temperature 40-60oC for 1,5-5 hours. After the process, the keratin solution was 
filtered in order to remove the insoluble parts. After filtration, the pH of the soluble 
keratin solution was adjusted to 4,2 with acetic acid in order to precipitate the 
keratin. Then, the precipitated keratin was centrifuged, washed with acetone, freezed 
and dried by lyophilizator. The dried substance was weighed in order to calculate the 
yield and confirmed by spectral analysis. 
3.4 Synthesis of Keratin-graft-Polyacrylonitrile 
A three necked round-bottomed flask, filled with a stirrer in a temperature-controlled 
water-bath, was used for the reaction.  At 20-50oC temperature, 0,25-0,5 g keratin, 50 
ml distilled water and 0-100 mmole/L sodium metabisulfite were mixed with 
constant stirring and bubbling of a slow stream of nitrogen gas for about 15 min. 
Then, 1-1,5 mole/L  acrylonitrile monomer was added and stirred for another 15 min. 
11-100 mmole/L APS dissolved in moderate deionized water was slowly dropped 
into the flask to initiate the graft copolymerization. After the desired time interval, 
1,5-6 hours, the reaction was stopped. The product was filtered, washed with acetone 
and dried.  
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Blank experiments were performed without adding keratin at 50oC and 35oC. It was 
seen that homopolymerization occurred at 50oC. 
3.5 Electrospinning of Keratin-graft-Polyacrylonitrile 
20 % w/w polymer solutions were prepared by 20/80 % w/w DMF/DMSO solvent 
mixture. Solutions were electrospun with 1 ml/h flow rate and under 20 kV. The 
distance between the needle and the plate was 6 cm. 
3.6 Molecular Weight Determination of Polymers 
Molecular weight measurements were made in a thermostatic water bath at 30 ± 
0.1oC using an Ubbelohde viscometer. Molecular weights of the copolymers were 
obtained from the relationship Nie et al. gave (2004) for polyacrylonitrile 
copolymers in DMSO at 30oC (3.1). 
[η] = 2,865x10-2Mv0,768                                                                                                                                (3.1) 
The polymer solutions had a concentration (C) of 0,15g/0,15dl. First, the time that 
pure solvent needed to pass between the two lines in Ubbelohde viscometer was 
measured. Then, the time needed for the polymer solutions was measured. The ratio 
of the elution time of the polymer solutions to the elution time of the solvent gives 
relative viscosity (3.2).  
 ηr= t/to      ηr= relative viscosity                                                                                         (3.2) 
Where
 
ηr  is relative viscosity, t is elution time of polymer solution and  to is elution 
time of solvent (3.3 and 3.4). 
 ηsp = ηr-1     ηsp = spesific viscosity              (3.3) 
 [η] = (ηsp/C)/(1+0,28ηsp)     [η] = intristic viscosity             (3.4) 
An Excel program was prepared using the equations and viscosity molecular weights 
of the polymers were obtained. 
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3.7 Water Sorption Analysis 
Water sorption was performed by using discs in particular dimensions (Snell and 
Ettre, 1971). Water sorption was determined by calculation of ratio of weight change 
and surface area of discs (3.5). 
Water sorption (mg/cm2) = (w-W)/S 
            (3.5) 
Where; w is weight after immersion in mg, W is conditioned weight in mg and S is 
surface area of the disc in cm2. 
Discs of samples were prepared in the dimensions of 40±1 mm in diameter x 2 mm. 
Discs were dried at room temperature and put under vacuum. They were removed to 
a desiccator at room temperature for 1 h before weighed. All of the discs were 
weighed. Then, discs were immersed into distilled water at 37±1oC for 24 h. After 24 
h, they were removed from water, wiped with a clean dry towel removing visible 
moisture, waved in the air for 15 s and weighed after 1 min after their removal from 
water. After data was collected, water sorption was calculated.  
3.8 Film Preparation for Dynamic Mechanical Analysis 
Films were prepared by solution casting method. 0,7 g polymer was dissolved in 10 
ml DMSO and then half of the solvent was evaporated at 100oC under fume hood. 
The solutions became viscous and were poured in a mold with 4x5x0,1 cm 
dimensions.  
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4.  RESULTS AND DISCUSSIONS 
The results obtained from this study will be investigated as, extraction and 
solubilisation conditions of keratin from chicken feather; synthesis of keratin-graft-
polyacrylonitrile by redox polymerization; characterization of keratin and keratin-
graft-polyacrylonitrile in terms of thermal, rheological, mechanical and 
morphological analysises and electrospinning of keratin-graft-polyacrylonitrile to 
produce fibers.  
4.1 Extraction of Keratin From Chicken Feather  
In order to obtain keratin, first, lipid compounds in chicken feather were eliminated 
by reflux with an organic solvent and after extraction lipid-free chicken feathers were 
cut in small pieces. Then, cleaned, dried and cut feathers were dissolved in an 
aqueous solution of various concentrations of NaOH and/or Na2S or EDTA in order 
to give solubilisation with breaking the disulfide bonds (4.1). Keratin was 
precipitated with acetic acid. 
                            (4.1) 
It was observed that the yield of keratin obtained from chicken feathers depended on 
the amounts of chicken feather, NaOH, Na2S and EDTA, the temperature and the 
solubilisation time (Table 4.1). Dissolving action of Na2S was reported previously 
(Goddard and Michaelis, 1934). So, it was used as a reductant at alkaline medium 
however results showed that the yield decreased when Na2S was used (K2 and K3; 
K7 and K8). It was seen that decreasing the time with keeping the other conditions 
same increased the yield (K5 and K6; K7 and K9), so the solubilisation time was 
kept as 1,5 hour in most of the experiments. With an increase in the concentration of 
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NaOH, the yield of solubilisation for 1,5 hour was approximately 1,5 times higher 
than the yield of solubisation for 3 hours (K3 and K7). The yield rose to 40% from 
15 % with increasing NaOH concentration to 1,5 mole/L from 1 mole/L. On the 
other hand, when the NaOH concentration per feather reached to 20 mmole/L in 
comparison to 10 mmole/L, the yield decreased (K1 and K2). As a result, it was 
found out that excessive amount of alkali decreased the efficiency. There was an 
optimum point of NaOH amount per feather between 15 and 20 mmole/g. The effect 
of temperature was investigated by increasing the temperature from 40oC to 60oC 
and it was seen that the yield decreased with increasing temperature (K7 and K11; 
K10 and K12). In experiments K13 and K14, EDTA was added. EDTA was thought 
to act as an emulsifier and help the feathers stay in the solution at a maximum level 
so that a stable dispersion was obtained. The surfactant forms a complex with the 
keratin and prevents extensive protein aggregation. The increase in yield comparing 
K9, K13 and K14 confirmed this idea. With the addition of EDTA, the yield 
increased about 15% with keeping the other parameters fixed. 
Exp. 
Code 
NaOH 
(mole/L) 
NaOH/F 
(mmole/g) 
Na2S 
(mole/L) 
EDTA 
(mmole/L) 
Temp. 
(oC) 
Time 
(h) 
Yield 
(%) 
K1 1 20 0,1 - 40 3 9 
K2 1 10 0,1 - 40 3 16 
K3 1 10 - - 40 3 28 
K4 - - 0,1 - 40 3 - 
K5 1 10 0,1 - 40 4,5 13 
K6 1 10 0,1 - 40 3 15 
K7 1,5 15 - - 40 3 40 
K8 1,5 15 0,1 - 40 3 28 
K9 1,5 15 - - 40 1,5 43 
K10 1 10 - - 40 5 25 
K11 1,5 15 - - 60 3 21 
K12 1 10 - - 60 5 16 
K13 1,5 15 - 5 40 1,5 59 
K14 1,5 15 - 10 40 1,5 56 
The structures of the obtained products were investigated by spectral analysis which 
are FTIR and 1HNMR. The characteristic bands and signals from these spectra were 
analysed in order to confirm the products as keratin. 
Table 4.1 : Solubilisation conditions for 10 g keratin from chicken feather
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Figure 4.1 : FTIR spectra of K9 and K6 
Keratin proteins give rise to several characteristic absorption bands known as amide 
A, amide B, amide I, amide II and amide III. Amide A and amide B bands are 
connected with the frequency of stretching vibrations of located N–H bonds.  
According to the FTIR spectrum of keratin (Figure 4.1), amide A absorption band 
was seen at 3287 cm-1 and amide B was seen at 3072 cm-1 (Aluigi et al., 2008; 
Wojciechowska et al., 2004).  
The amide I mode is the peptide carbonyl stretching vibration of the CONH unit. 
According to literature, β-sheets have a strong absorption band at 1610-1640 cm-1 
and a weaker band at 1680-1690 cm-1. The α-helix and random coil structure are 
located at 1640-1650 cm-1  and 1650-1660 cm-1, respectively. According to Figure 
4.1, in the FTIR spectrum of keratin, amide I absorption band was observed at 1642 
cm-1 indicating the α-structure of keratin (Akhtar et al., 1997; Zoccola et al., 2008b; 
DeFlores et al., 2009; Wojciechowska et al., 2004; Tonin et al., 2004). 
The amide II mode is N-H in-plane bending plus C-N stretching vibrations with a 
contribution from C-C streching (Akhtar et al., 1997). Amide II around 1547 cm-1 
suggests the presence of α-helix structure in the keratin chain, whereas the amide II 
around 1515 cm-1 indicates the presence of β-sheet type keratin (Wojciechowska et 
al., 2004). As a result,  the amide II mode of keratin was attributed to the vibration at 
 
 
 
K9 
 
 
 
 
 
K6 
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1577 cm-1 which indicated the α-helix structure (Figure 4.1). The band at 1410 cm-1 
was attributed to the bending vibration of C-H groups.  
The amide III mode is the in-plane combination of N-H in-plane bending and C-N 
stretching, with contributions from the C-C stretch and C-O in-plane bend. The NH 
in-plane bending mode is a significant component of a number of modes in the 1400- 
1200 cm-1 region. The vibration at around 1243 cm-1 was therefore attributed to 
amide III absorption band of keratin (Figure 4.1). 
In particular, the band at 1050 cm-1 arose from the -(gly gly)- sequence, while those 
at 1013 and 929 cm-1 were attributed to the -(gly ala)- periodic sequence (Zoccola et 
al., 2008). 
The disulfide linkages undoubtedly provide the stability of the keratins. In proteins, 
the disulphide bond is part of a cystine residue and can be considered as two cysteine 
residues fused together through the oxidation of two sulphydryl groups (Akhtar et al, 
1997). Spectral features below 750 cm-1 were dominated by the structurally 
important C-S and S-S bonds although they were rather weak. The  bands at 706 cm-1 
and 648 cm-1 were assigned to the stretching vibrations of C-S bonds present in the 
gauche conformation. In previous studies, similar assignments were made for 
tyrosine (644 cm-1) and phenylalanine (624 cm-1) aromatic side chains. The weaker 
bands at 521 cm-1 and 555 cm-1 were assigned to the S-S strecthing mode. The bands 
between 400-500 cm-1 indicated C-S bending vibration (Mishra et al., 2009). 
It was seen that according to the NaOH amount used, intensities of amide I and 
amide II vibrations differed. In Figure 4.1, K6 was obtained using 1N NaOH solution 
while K9 was obtained using 1,5N NaOH solution. It could be seen from the FTIR 
spectrum of  K6 that the intensity of amide I region was more than amide II region. 
On the other hand, in the FTIR spectrum of K9, the intensity of amide II region was 
denser than the amide I  region (Figure 4.1). 
Keratin structure was also supported by 1HNMR spectrum because it has various 
different types of hydrogens on the amino acid chain. In 1HNMR, different protons 
resonate at different frequencies depending on the neighbouring atoms. These 
spesific chemical shifts can be used to obtain important structural information about 
molecules.  
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Table 4.2: Typical proton chemical shifts of some amino acids in     
                  keratin (ppm) (Ma et al., 2002; URL-1) 
Amino Acid Hα Hβ Hγ Hδ Other 
L-Aspartic acid 4,6 2,3-2,5 - - - 
L-Glutamic acid 4,5 2,1-2,2 2,2-2,3 - - 
L-Arginine 4,4 1,6-1,7 1,4-1,5 1,6-1,7 - 
L-Proline 4,5 2,0-2,2 2,0-2,1 3,6-3,7 - 
L-Threonine 4,5 4,4 1,2 - - 
L-Valine 4,4 2,0 0,9-1,0 - - 
L-Cysteine 4,5 3,1-3,3 - - SH: 1,76 
L-Alanine 4,4 1,4 - - - 
L-Leucine 4,4 1,6-1,7 1,6 0,9-1,0 - 
L-Isoleucine 4,3 1,0 1,1-1,2 1,0 CH3: 0,9 
L-Phenylalanine 4,5 2,8-3,0 - - ArH: 
6,5-7,6 
L-Glycine 3,8-4,2 - - - - 
L-Serine 4,5 3,6-3,7 - - - 
L-Thyrosine 4,5 2,8-3,0 - - ArH: 
6,5-7,7 
The signal at 1,23 ppm should belong to Hγ of L-isoleucine or L-threonine. Also, Hβ 
and Hδ of L-arginine have signals around 1,6 ppm. The –SH hydrogen has a signal at 
1,78 ppm. The signal at 2,08 ppm might belong to Hβ and Hγ of L-proline; Hβ of L-
glutamic acid. The small signal around 2,0 ppm can be Hβ of L-valine. The small 
signals around 2,8 ppm might be attributed to Hβ of L-phenylalanine and L-tyrosine 
while the signal at 7,2 ppm showed aromatic hydrogens of them. The broad signal at 
7,94 ppm showed the N-H protons of proteins (URL-1). The signals of L-serine and 
L-threonine that should be seen between 3-4 ppm could not be clarified due to the 
strong solvent signal at 3,93 ppm (Figure 4.2).  
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Figure 4.2 : 1HNMR spectrum of K9 
As a result, keratin was obtained by removing the lipid compounds with an organic 
solvent and solubilising at various conditions mainly using NaOH and/or Na2S or 
EDTA. The optimum condition for extracting keratin was found adding EDTA with 
NaOH which was thought to act as an emulsifier. The resultant keratin was 
confirmed by FTIR and 1HNMR spectral analysis. 
4.2 Synthesis of Keratin-graft-Polyacrylonitrile by Redox Polymerization 
In this study, acrylonitrile monomer was expected to graft on keratin backbone. 
Keratin is a natural polymer that has functional groups such as –NH, -OH and –SH. 
The active hydrogens on these functional groups were thought to act as reducing 
agents in the presence of a redox initiator with respect to the previous studies (Lv et. 
al. 2009). Therefore, reaction was thought to proceed via radical polymerization in an 
aqueous system using ammonium persulfate as redox initiator. The probable reaction 
mechanism was given as (4.2-4.7):  
Initiation step: 
                                                  (4.2) 
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         (4.3) 
       (4.4) 
          (4.5) 
Propagation step: 
                       (4.6) 
 
  (4.7) 
The polymerization conditions of keratin-graft-polyacrylonitrile were shown in 
Table 4.3. The influence of temperature on the graft polymerization was studied by 
changing the reaction temperature to 50oC, 35oC and 20oC. The first reactions were 
made at 50oC, but it was seen with a blank experiment that at this temperature 
homopolymerization occurred. As a result, temperature was decreased to 35oC. The 
efficiency of the reaction was about 5% higher at 35oC than at 20oC (KP10 and 
KP11). This behaviour can be explained as with increasing temperature, the initiating 
activity increased so that the activitiy of graft polymerization increased.  
Table 4.3 showed a sharp difference between the yields of the first five experiments 
and the rest . The reason for this difference was the  absence of sodium metabisulfite. 
In the first five experiments, only ammonium persulfate was used as initiator, but the 
yields were very low. It is known that sodium metabisulfite forms a redox initiator 
pair with ammonium persulfate (Saraç, 1999). As a result, it acts as a reducer in this 
system and increases the activity of initiator radicals as seen in (4.8). 
                                                  (4.8) 
The experiments were continued with using sodium metabisulfite after this 
investigation.  
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Table 4.3 : Polymerization conditions for keratin-graft-polyacrylonitrile using K9 
Exp. 
Code 
Keratin 
Amount (g) 
Temp. 
(oC) 
Time 
(h) 
AN 
(mole/l) 
APS 
(mmole/l) 
SMBS 
(mmole/l) 
Yield 
(%) 
KP2* 0,5 50 3 1 11 - 10 
KP3** 0,5 50 3 1 11 - 8 
KP4* 0,5 35 3 1 11 - 4 
KP5* 0,5 35 3 1 74 - 6 
KP6* 0,5 35 6 1 74 - 7 
KP8 0,25 35 3 1 74 89 52 
KP9 0,5 35 3 1 74 89 61 
KP10 0,25 35 3 1,5 74 89 53 
KP11 0,25 20 3 1,5 74 89 48 
KP12 0,25 35 3 1,5 100 89 88 
KP13 0,25 35 3 1,5 100 100 84 
KP14 0,25 35 1,5 1,5 100 89 80 
KP15 0,25 35 6 1,5 100 89 88 
*K3 was used. **K7 was used. 
The increase in the amount of keratin, increased the polymerization efficiency (KP8 
and KP9). With the increase in keratin amount, the functional groups with active 
hydrogens such as -NH, -OH and -SH increased, so acrylonitrile monomers had more 
chance to attack keratin.  
It was seen that there was an increase in polymerization yield with the increase in 
initiator concentration (KP4 and KP5; KP10 and KP12). The reason for this might be 
that more radical sites were formed with increasing amount of initiator.  
The reaction yield increased with reaction time from 1,5 to 3 hours, then there was a 
saturation at 6 hours (K5 and K6; KP12, KP14 and KP15). With the increase in 
reaction time, the concentration of monomer and free radicals in the system 
decreased, and this resulted in a saturation in reaction efficiency. 
Grafting of acrylonitrile on keratin backbone was confirmed by FTIR spectrum. Main 
characteristic stretching and bending vibrations of keratin-graft-polyacrylonitrile 
copolymers were given in Table 4.4. 
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Table 4.4 : FTIR vibrations of keratin and keratin-graft-polyacrylonitrile   
                   copolymers (cm-1) 
Exp. 
Code 
N-H 
st 
C N 
st 
C-H 
st 
C=O 
st 
N-H 
b 
C-H 
b 
C-N 
st 
C-O 
st 
C-S 
st 
K9 3287-3072 - 2965 1642 1577 1411 1242 
1051-
1013-
929 
648 
KP8 3293 2245 2925-2872 1648 1534 
1453-
1364 1229 
1074-
1044 614 
KP9 3271 2243 2925-2873 1655 1541 
1454-
1401 1189 
1115-
1047 618 
KP10 3284 2243 2924-2854 1657 1536 
1454-
1365 1228 1043 618 
KP11 3219 2244 2924-2854 1639 1535 
1453-
1400-
1365 
1194 1110-1047 619 
KP12 3206 2244 2924-2854 1639 1540 
1453-
1401 1192 
1113-
1048 619 
KP13 3135 2244 2927-2856 1643 1533 
1453-
1401 1191 
1112-
1047 620 
KP14 3193 2243 2925-2854 1639 1532 
1453-
1401-
1364 
1197 1108-1046 619 
KP15 3136 2245 2926-2857 1635 1534 
1452-
1401 1194 
1113-
1049 618 
In the FTIR spectrum of keratin-graft-polyacrylonitrile, the band at 3282 cm-1 
indicated the N-H stretching vibration of keratin backbone (Figure 4.3, K10). At 
2933 cm-1, C-H stretching vibration was seen. The nitrile band at 2244 cm-1 proved 
that copolymerization occured. The increase in the vibration of various C-H 
stretching bands at 2924 cm-1 showed that there was an increase at the amount of C-
H groups. The carbonyl stretching vibration was seen at 1667 cm-1. The band at 1529 
cm-1 indicated N-H bending vibration of keratin. The bands at 1452 cm-1 and 1330 
cm-1 were attributed to various C-H bending vibrations. C-N stretching vibration was 
seen at 1225 cm-1. The bands at 1070 cm-1 and 1049 cm-1 showed various C-O 
stretching vibrations. 
It was observed that some structural changes occured in keratin-graft-
polyacrylonitrile samples after a time period. An example for this situation was given 
in Figure 4.3. The copolymers absorbed water and formed hydrogen bonding, as a 
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result a broad O-H vibration occured at around 3455 cm-1 (KP15). As a result of 
hydrogen bonding, there was a shift to 1193 cm-1 at C-N stretching vibration coupled 
to the in-plane N-H bending mode (Zhou et al., 2008). The carbonyl vibrations at 
around 1707-1723 cm-1 showed that oxidation occured in samples. Polymerization 
time for KP15 was the longest, 6 hours, with strong polymerization conditions such 
as high concentration of initiator pair, so the maximum oxidation was observed in 
KP15. 
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Figure 4.3 : FTIR spectra of KP10 and KP15 
The ratio of acrylonitrile/keratin in copolymers was studied from FTIR spectra. The 
height of a band that belongs to acrylonitrile (-CN) and the height of a band that 
belongs to keratin (-CS) were estimated to the height of a fixed common band (-CH). 
The copolymers could be listed in the increasing keratin amount such as KP10, KP8, 
KP14, KP11, KP15, KP13, KP12 and KP9.. 
The intensity of N-H vibration decreased in the FTIR spectra of copolymers 
compared to keratin so it could be said that polymerization started on N-H proton. 
Keratin-graft-polyacrylonitrile copolymers were also characterized by 1HNMR 
spectrum (Figure 4.4). The signals of polymers were also compared with the signals 
of keratin in order to observe which groups were changed.  
In the 1HNMR spectra of copolymers, the signal which appeared at 1,78 ppm in the 
1HNMR spectrum of keratin was not seen (Figure 4.4). This signal was previously 
 
KP10 
 
 
 
 
 
 
KP15 
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attributed to –SH proton of keratin. As a result, it was thought that the 
polymerization could have started on  –SH proton. The signal at 7,94 ppm which 
showed -NH proton in the keratin structure also disappeared in the 1HNMR spectra 
of copolymers. This result showed that polymerization occured also on the –NH 
proton. Signal which showed peak maximum around 3,1 ppm was the resonance of 
methine protons (-CHCN) of acylonitrile unit while the signal with a peak maximum 
around 2,05 ppm showed the methylene protons (-CH2CHCN) of acrylonitrile unit 
(Simons and Zagner, 1973). The signals at 6,9-7,3 ppm showed aromatic C-H 
protons of L-phenyalanine while the signals at 0,82, 1,23, 2,68, 2,79 and 2,89 ppm 
indiated various C-H protons of different amino acids in keratin. 
 
Figure 4.4 : 1HNMR spectrum of KP12 
As a result of 1HNMR and FTIR analysis, it could be definitely said that 
polymerization started on –SH snd –NH protons of keratin (4.9 and 4.10). 
          (4.9) 
     (4.10) 
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In most of the 1HNMR spectra,  there were two peaks at the signal at 2,05 ppm. The 
second peak corresponding to 2,08 ppm was attributed to C-H proton of –CH2- 
groups on keratin. An example was given in Figure 4.5.  
 
Figure 4.5 : 1HNMR spectrum of KP14 
Table 4.5 : Molecular weights of copolymers in relation to polymerization conditions 
Exp. 
Code 
Keratin 
(g) 
Temp. 
(oC) 
Time 
(h) 
AN 
(mole/l) 
APS 
(mmole/l) 
SMBS 
(mmole/l) 
Yield 
(%) Mv 
KP8 0,25 35 3 1 74 89 52 13005 
KP9 0,5 35 3 1 74 89 61 14148 
KP10 0,25 35 3 1,5 74 89 53 21208 
KP11 0,25 20 3 1,5 74 89 48 11161 
KP12 0,25 35 3 1,5 100 89 88 12775 
KP13 0,25 35 3 1,5 100 100 84 12175 
KP14 0,25 35 1,5 1,5 100 89 80 11545 
KP15 0,25 35 6 1,5 100 89 88 13009 
Table 4.5 showed the molecular weights of copolymers determined by Ubbelohde 
viscometer. It could be seen that the molecular weights were in relation with 
polymerization conditions. Molecular weight increased with increasing amount of 
keratin (KP8 and KP9). The increase in acrylonitrile concentration resulted in a big 
change in molecular weight (KP8 and KP10). On the other hand, decrease in 
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temperature caused to decrease in molecular weight (KP10 and KP11). Increase in 
ammonium persulfate concentration had a negative effect on molecular weight while 
sodium metabisulfite did not cause a significant change (KP12 and KP13). Increase 
in reaction time resulted in small differences in molecular weight (KP12, KP14 and 
KP15). 
Consequently, acrylonitrile was grafted on keratin at various conditions. It was 
observed that polymerization depended on keratin amount, acrylonitrile 
concentration, temperature, reaction time, ammonium persulfate concentration, 
presence and concentration of sodium metabisulfite. The best condition was found to 
initiate polymerization with 100 mmole/L APS and 89mmole/L SMBS redox 
initiator pair and grafting 1,5 mole/L acrylonitrile at 35oC for three hours. The 
resultant copolymers were confirmed by FTIR and 1HNMR spectra. The molecular 
weights of copolymers were determined by Ubbelohde viscometer and a relation 
between polymerization conditions and molecular weight was found. 
4.3 Characterization of Keratin-graft-Polyacrylonitrile 
4.3.1 Rheological analysis 
Rheology can be defined as the study of deformations and flow of matter (Malkin 
and Isayev, 2006). It studies materials having properties described by any 
relationship between force and deformation. There are two types of fluids which are 
Newtonian and Non-Newtonian. Newtonian fluids are ideal liquids, which means as 
the shear rate changes the viscosity remains constant (URL-2). Non-Newtonian 
fluids are affected by shear and are divided into two such as power law fluids and 
time dependent fluids. There are two types of power law fluids which are 
pseudoplastic fluids and dilatant fluids. Rheopectic or thixotropic fluids are two 
types of time dependent fluids. In pseudoplastic fluids, as shear increases, viscosity 
decreases whereas in dilatant fluids viscosity increases as shear increases. In 
rheopectic fluids, viscosity increases as a function of time. In thixotropic , viscosity 
decreases over time when using a constant shear rate. As shear rate decreases the 
material will gradually recover the original internal structure before shear, this can 
take seconds or days to fully recover.  
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Figure 4.6 : Newtonian and Non-Newtonian flow curves 
In Bingham plastics, over a reasonable range of shear rates, the shear stres is a linear 
function of shear rate, but with an initial, which is called the yield stress (Malkin and 
Isayev, 2006). This was found by extrapolation of shear rate-shear stress graph to 
where the shear rate was zero. This shows that there would be no flow at all unless 
the stress was higher than this critical value. Bingham investigated systems like this, 
and this simple straight-line-with-intercept-type  bears his name, and such liquids are 
called Bingham plastics, the intercept is called the Bingham yield stress τB and the 
slope of the straight line is called the plastic viscosity, ηpl (4.11). 
τ = τB + ηpl.γ                                                                                                            (4.11) 
Flow index is the indicator of flow character. It is determined by calculating the 
slope of log shear rate-log shear stress graph. If the flow index is 1, then the fluid is 
Newtonian. If it higher than 1, the fluid is dilatant and if it is smaller than 1, the fluid 
is pseudoplastic.  
Temperature dependent rheological properties of keratin and keratin-graft-
polyacrylonitrile copolymers were determined by rheology analysis. 15% w/w 
solutions were prepared in DMSO and measurements were performed at 15oC, 20oC 
and 25oC. Measurements were performed by increasing spindle speeds from 200 rpm 
to 220 rpm and slowing down back from 220 rpm to 200 rpm. Data was collected at 
every 1 rpm increment with a stabilization time of 20 seconds before each 
measurement.  
The degree of thixotropic or rheopectic behaviour is determined by the measurement 
of the area of the hysteresis loop. The area betweeen upward and downward curve in 
shear rate-shear stress plot is called hysteresis area. Table 4.6 showed the hysteresis 
area of copolymers determined by viscometer.  
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Table 4.6 : Yield stress, flow index and hysteresis area values of keratin and keratin-      
                   graft-polyacrylonitrile copolymers 
 
 
Figure 4.7 : Shear rate-shear stress plots of KP9 at 15oC, 20oC and 25oC 
Polyacrylonitrile copolymerization of keratin caused to increase the rheological 
parameters in comparison with keratin (Table 4.6). Shear rate-shear stress plot of 
KP9 at 15oC, 20oC and 25oC were given in Figure 4.7. All of the samples 
demonstrated rheopectic behaviour. Hysteresis area values tended to decrease by the 
increase of temperature from 15oC to 25oC in general with small exceptions  (Table 
4.6). Hysteresis area values tended to decrease by the increase of temperature (Figure 
4.8). This showed that an decrease in rheopectic behaviour of samples were observed 
by increase of temperature These results indicated a gradual decrease in gelations 
with the increasing temperature. 
 Yield stress,τB 
(Pa) 
Flow index 
 
Hysteresis Area 
(Pa/s) 
   15oC   20oC   25oC  15oC 20oC 25oC 15oC 20oC 25oC 
Keratin 
   22,7     32,6    33,9 0,87 0,81 0,81 678 328 280 
KP9      0,8     37,6    41,5 0,99 0,84 0,79 1331 590 418 
KP10    30,6   255,2     -5,5 0,97 0,68 1,01 4465 1663 1508 
KP11 -118,1  -171,7  -173,8 2,69 1,35 1,42 8296 1636 6057 
KP12  -62,8    42,9      7,5 1,14 1,06 1,02 1013 933 928 
KP13 -594,2 -369,1    40,6 2,34 1,77 0,91 5832 3842 3411 
KP14   -74,5 -110,2 -198,0 1,17 1,29 1,50 2752 3056 2997 
KP15      0,0  -16,4  -78,6 0,85 1,06 1,22 908 1020 399 
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Figure 4.8 : Hysteresis area versus temperature plots for keratin and keratin-graft-  
                     polyacrylonitrile copolymers 
KP9 and KP12 was found to have more keratin ratio than KP14 and KP15. The yield 
stresses of KP9 and KP12 increased with increasing temperature, whereas the yield 
stresses of KP14 and KP15 decreased with increasing temperature. So, the yield 
stress increased with increasing temperature when the amount of soft segment is 
higher in the copolymer and decreased with higher amount of hard segment with 
increasing temperature.  
The flow indexes of KP9 and KP12 decreased with increasing temperature whereas 
the flow indexes of KP14 and KP15 increased with increasing temperature (Table 
4.6).The flow indexes of KP9 and KP10 were very close to 1 at 15oC, so they 
displayed Bingham plastic model at these temperature.  Flow indexes of keratin and 
KP15 are smaller than 1. So, they were decided to display pseudoplastic behaviour. 
The flow indexes of other samples were bigger than 1. So, they were decided to 
display dilatant behaviour. On the other hand  KP14 and KP15 had increasing 
dilatant behavior with increasing temperature. The flow indexes of the other samples 
decreased with increasing temperature in a similar way to keratin (Table 4.6, Figure 
4.9). These results indicated a decrease in gelations with the increasing temperature. 
On the other hand, the flow indexes of KP14 and KP15 increased with increasing 
temperature. This may be caused by the increase in entanglement by the increase 
temperature.  
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Figure 4.9 : Flow index versus temperature plots for keratin and keratin-graft-     
                     polyacrylonitrile copolymers 
Plastic viscosities of keratin, KP9 and KP12 decreased as the temperature increases 
similar to  keratin (Figure 4.10). A decrease both in the plastic viscosity and the yield 
value was observed by the increase of temperature as well. The reason for the 
decrease in yield value and plastic viscosity was thougth to be the increase of 
disentanglement by the increase of temperature. On the other hand plastic viscosities 
of KP14 and KP15 increased by increasing temperature (Figure 4.10). 
 
Figure 4.10 : Plastic viscosity versus temperature plots for keratin and keratin-graft-   
                       polyacrylonitrile copolymers 
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As a result, rheological properties and processability of all of the copolymers were 
improved compared to keratin. 
4.3.2 DMA analysis 
DMA analysis of keratin and keratin-graft-polyacrylonitrile copolymers could not be 
performed due to the difficulties encountered during film formation. Films prepared 
tended to curl and break while drying. This situation showed that the strength of the 
obtained copolymers were very low and further experiments should be done in order 
to develop the strength. The problem can be solved by increasing the amount of soft 
segment in the copolymer or adding crosslinkers.  
4.3.3 Thermal analysis 
DSC is an analytical technique for detecting the changes in physical states of matter 
by measuring the energy necessary to establish a nearly zero temperature difference 
between a substance and an inert reference material, as the two specimens are 
subjected to identical temperature regimes in an environment heated or cooled at a 
controlled rate (Kadak, 2009). Measurements were performed as first heating, 
cooling and second heating under N2 atmosphere. For keratin and keratin-graft-
polyacrylonitrile, the first heating was applied from room temperature to 120oC so 
that the moisture on the samples could evaporate. At 120oC, the samples stayed 
isothermal for 3 minutes and cooled back to room temperature. A 3 minutes isotherm 
was applied at this temperature too. Then, the second heating was applied from room 
temperature to 350oC. The ramping rate was 10oC/min. 
Table 4.7 : DSC results for keratin, PAN and keratin-graft-polyacrylonitrile 
copolymers 
 
Exp. Code Tg (oC) Exothermic signal (oC) Endothermic signal (oC) 
K9 - - - 144 221-350 
PAN* 99 -      -   /313 - - 
KP10 101,1 211-227 254**/319 - - 
KP12 98,6 224-276 284**/310 -  
*PAN initiated with benzoyl peroxide.  **precursor of PAN decomposition 
According to DSC results (Table 4.7), the endothermic peak around 144oC might 
show the melting point of α-form crystallites in keratin (Cao, 1999; Yin et al. 2007) . 
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At 221oC, denaturation of α-helix crystals started with a peak maximum at 287oC. 
Denaturation continued up to 350-360oC. Between these temperature, there were 
different endothermal peaks due to the denaturation of crystalline fraction with 
different molecular weights (Figure 4.11) (Zoccola et al., 2009). 
Previous studies on polyacrylonitrile initiated with benzoyl peroxide showed Tg at 
99oC and decomposition maximum at 313oC. The DSC thermogram of KP12 
copolymer showed a glass transition temperature (Tg) at 99oC belonging to 
polyacrylonitrile. The exothermic signals between 225oC and 276oC were attributed 
to keratin decomposition. The change of the endothermic signals in the pure keratin 
to exothermic signals in copolymer showed the structural change of keratin in 
copolymer form. The decomposition of polyacrylonitrile was observed at 310oC 
(Zhang et al., 2010, Mark, 1999). The initial stage of the decomposition of PAN is 
mainly associated with the formation of ring compounds among the adjacent -CN 
groups (Yu et al. 2007). 
 
 
 
 
 
 
 
 
 
Figure 4.11 : DSC thermograms of keratin and keratin-graft-polyacrylonitrile   
                       copolymers 
In the DSC thermogram of KP10, glass transition temperature of polyacrylonitrile 
(Tg) was observed at 101oC (Figure 4.11). KP10 had more acrylonitrile ratio than 
KP12, as a result its Tg was higher. Similarly, KP8 also had a higher polyacrylonitrile 
ratio with a Tg of 105oC. Decomposition of keratin was observed between 211-
227oC. The decomposition of polyacrylonitrile was seen at 317oC which was also 
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higher than KP12. Another reason for this increase in decomposition temperature 
might be that KP10 had a higher molecular weight than KP12. 
Thermogravimetric Analysis (TGA) measures weight changes in a material as a 
function of temperature or time under a controlled atmosphere. Its principal uses 
include measurement of a material's thermal stability and composition (URL-3). 
Measurements were carried out under N2 atmosphere from 0oC to 900oC with a 
heating rate of 20oC/min. 
Table 4.8 : TGA results of keratin and keratin-graft-polyacrylonitrile copolymers 
Exp. 
Code 
TDmax 
(oC) 
WR  
(%) 
W350 
(%) 
W550 
(%) 
T20 
(oC)* 
T40 
(oC)* 
T80 
(oC)* 
K9 
115 
306 
90,7 
60,5 
46,5 29,1 199,4 307,5 831,5 
KP9 
244 
315 
94,2 
83,9 
72,4 58,5 321,3 509,9 over 1000 
KP10 
241 
340 
426 
98,5 
85,1 
63,6 
76,0 57,7 345,2 485,2 over 1000 
KP12 
252 
356 
93,9 
77,9 
80,0 62,6 349,9 615,2 over 1000 
KP14 
251 
320 
431 
95,3 
86,7 
67,3 
76,5 59,8 336,3 543,7 over 1000 
 
TDmax Maximum weight loss temperature.             
WR Weight percentage of residue at maximum weight loss temperature. 
W350, W550 Weight percentage of residue at 350oC and 550oC. 
T20 , T40 , T80 Twenty, forty and eighty percentage weight loss temperature. 
Chicken feather degrades through three main stages. First, the moisture absorbed 
during storage is released from the chicken fibers. A second transition occurs from 
265 to 350oC, and the chicken feather fiber undergoes degradation; and lastly from 
350oC onwards, the chicken feather fiber starts to decompose (Cheng et al., 2009).  
In Table 4.8,  the TGA results calculated from the derivatives of thermograms were 
given. It can be seen that the maximum weight loss temperature, weight percentage 
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residue at these maximum weight loss temperature, residues at 350 oC and 550oC and 
twenty, forty and eighty percentage weight loss temperatures increased in 
copolymers in comparison to keratin. KP12 has higher ratio of acrylonitrile than 
KP9, as a result it can be said that decomposition temperature increased with 
increasing amount of acrylonitrile.  
 
 
 
 
 
 
 
 
 
 
Figure 4.12 : TGA thermograms of keratin and keratin-graft-polyacrylonitrile    
                       copolymers  
Figure 4.12 also proved that the decomposition of copolymers moved to higher 
temperatures than keratin indicating the improvement in thermal stability.  
4.3.4 Water sorption analysis 
Water sorption analysis was performed by immersing the prepared discs in water for 
24 hour at 37oC. The results were shown in Table 4.9. From previous studies, water 
sorption results for poly(acrylonitrile-co-vinyl acetate) and methyl cellulose- 
polyacrylonitrile were found as 0,9 and 3,2 mg/cm2 respectively, which were also 
performed in order to develop the water absorptivity of polyacrylonitrile (Galiaoğlu 
et al., 1994). As a result, it could be said that water sorption of the keratin-graft-
polyacrylonitrile copolymers improved much more than the previous studies, and it 
increased greatly in comparison to polyacrylonitrile as a result of high water 
absorption of keratin. 
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Table 4.9 : Water sorption results for keratin-graft-polyacrylonitrile      
copolymers(mg/cm2) 
Exp. Code Water Sorption 
KP9 19,6 
KP10 13,8 
KP12 17,1 
KP14 15,2 
4.3.5 Morphological analysis 
In order to investigate the morphologies of keratin and keratin-graft-
polyacrylonitrile, SEM images were taken.  Between the SEM images of keratin and 
keratin-graft-polyacrylonitrile copolymer, a difference could obviously be realized. 
Keratin had oval layers while micelles were seen in the SEM image of keratin-graft-
polyacrylonitrile as a result of emulsion polymerization (Figure 4.13a and Figure 
4.13b). The diameters of the micelles ranged between 90-150 nm.  
 
 
Figure 4.13 : SEM images of a) keratin (K9) b) KP12 
a) 
b) 
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4.4 Fiber Formation From Keratin-graft-Polyacrylonitrile 
Fibers from polymers were obtained by electrospinning method and the formation 
was proved with SEM images. 
 
Figure 4.14 : SEM images of fibers electrospun from KP12 
SEM images of fibers electrospun from KP12 are presented in Figure 4.14. with a 
magnification of 10000 times. Although some of the fibers were adhered to each 
other; in general, fiber diameters were uniform longitudinal without thick-thin places 
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and beads. The surfaces of the fibers were smooth. The diameters of unattached 
fibers were around 250-500nm. 
 
Figure 4.15 : SEM images of fibers electrospun from KP10 a) 10000 times 
          b) 27000 times magnification 
SEM images of fibers electrospun from KP10 were shown with 10000 times 
magnification in Figure 4.15a and 27000 times magnification in Figure 4.15b. 
Similarly, there were fibers attached to each other which is not an unpleasant 
situation and often appears in electrospun fibers. 
 
b) 
a) 
 61
5.  CONCLUSIONS AND RECOMMENDATIONS 
• Lipid compounds of chicken feathers were extracted under reflux with an 
organic solvent. These lipid compounds can be used in chemical industry.  
• Then, feathers were solubilised using NaOH and/or Na2S or NaOH and 
EDTA at various conditions in order to obtain keratin The optimum 
conditions were found as 1,5 M NaOH, 5 mmole/L EDTA, 40oC and 1,5 
hours. The solution was precipitated with acetic acid at pH 4,2. The 
maximum yield was 60 %. 
• Keratin was confirmed with FTIR and 1HNMR. Characteristic amide A, 
amide B, amide I, amide II and amide III regions were observed in FTIR 
spectrum. Characteristic signals were seen in 1HNMR spectrum. 
• Acrylonitrile was grafted onto keratin using ammonium persulfate/sodium 
metabisulfite redox initiator pair. The optimum conditions were found as 
0,25 g keratin, 1,5 mole/L acrylonitrile, 100 mmole/L ammonium persulfate, 
89 mmole/L sodium metabisulfite at 35oC during 3 hours. The maximum 
yield was 88 %. 
• In FTIR spectrum of copolymers, characteristic nitrile vibration was observed 
at 2243-2245 cm-1 which proved copolymerization. In 1HNMR spectra of 
copolymers, signals belonging to –SH and –NH protons of keratin 
disappeared, so it was thought that polymerization started on these protons. 
According to literature, it is also known that polymerization could have 
started on –OH proton but it could not be observed because of the solvent 
signal at 1HNMR.  
• Keratin and keratin-graft-polyacrylonitrile copolymers were characterized 
with rheological, thermal and morphological analysis. Rheology 
measurements determined the flow characteristics of samples. All samples 
were rheopectic whereas some of them showed pseudoplastic and some 
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showed dilatant character. However, rheological properties and processability 
of all of the copolymers were improved compared to keratin. 
• Thermal analysis were performed by DSC and TGA. According to DSC 
results, keratin denaturation started at 221oC up to 350oC. Copolymers 
showed a Tg around 99-105oC, increasing with acrylonitrile amount. Thermal 
decomposition of polymers were seen at 310-320oC also increasing with 
acrylonitrile amount and molecular weight. TGA results also showed that 
increasing acrylonitrile amount increased the maximum weight loss 
temperature. Pure keratin had its maximum weight loss temperature at 306oC 
while the copolymers’ were at 315oC and 356oC. As a result, acrylonitrile 
modified keratin became more thermally stable than pure keratin. 
• In the morphologies of keratin and keratin-graft-polyacrylonitrile copolymers 
a difference could obviously be realized. In the SEM image of keratin-graft-
polyacrylonitrile, micellar structure was observed as a result of emulsion 
polymerization. The diameters of the micelles ranged between 90-150 nm.  
• After copolymers were synthesized, several polymers solutions were prepared 
at 20 % w/w concentration in 20/80 % w/w DMF/DMSO solvent pair for 
electrospinning. After trying various conditions, the optimum electrospinning 
conditions were found as 1 ml/h flow rate, 6 cm distance between needle and 
plate and 20 kV potential.  
• The fibers were confirmed by SEM images. According to SEM, although 
some of the fibers were adhered to each other; in general, fiber diameters 
were uniform  longitudinal without thick-thin places and beads. The surfaces 
of the fibers were smooth. The diameters of unattached fibers were around 
250-500nm. 
• Water sorption of keratin-graft-polyacrylonitrile copolymers was greatly 
improved compared to polyacrylonitrile. 
• DMA analysis could not be performed because films could not be prepared. 
Several further experiments should be done in order to increase the strength 
of copolymers and DMA analysis should be performed. 
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